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ABSTRACT 
Germination, appressorial production and secondary conidiation of Colletotrichum 
acutatum were investigated on symptomless strawberry (cv. Tristar) foliage under a range of 
environmental conditions, and in the presence of strawberry plant extracts. Germination 
started within 3 h after inoculation and melanized appressoria were formed within 9 h after 
inoculation on detached strawberry leaves inoculated with a conidial suspension and 
incubated at 26°C under continuous wetness. Secondary conidia were formed on conidial and 
hyphal phialides within 6 h after inoculation, resulting in up to threefold increases in conidial 
populations on leaf surfaces without the development of symptoms or fruiting structures. 
Under continuous wetness, germination was highest at 20,25 and 30°C and lowest at 10°C, 
whereas appressorial development was highest at 15 and lowest at 35°C. Secondary 
conidiation was highest at 25 and 30°C and lowest at 10°C, and peaked within 24 h after 
inoculation. Germination, appressorial development and production of secondary conidia 
were favored by increasing wetness duration when leaves were exposed to alternating wet 
and dry periods of different duration. More than 4 h wetness per day were required for 
secondary conidiation and for significant germination and appressorial development. C. 
acutatum survived up to 8 weeks on symptomless leaves under dry greenhouse conditions, as 
indicated by production of acervuli after freezing and incubation of the leaves. Survival was 
strongly related to appressorial populations on the leaves. Secondary conidiation was 
stimulated by strawberry flower extracts, both when conidia were germinated in extracts and 
when extracts were applied to C. acutatum populations exposed to dryness for up to 2 weeks. 
Application of flower extracts resulted in up to tenfold increases in total conidial populations 
on leaves. This study has shown that C. acutatum can become established, survive and 
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produce inoculum on symptomless strawberry leaves under a wide range of environmental 
conditions. These findings suggest that symptomless foliage may play an important role in 
the strawberry anthracnose disease cycle, both as a harbor for fungal survival and a source of 
inoculum for fruit and flower infections. 
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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation consists of an abstract and five chapters. The first chapter is an 
introduction to strawberry anthracnose caused by Colletotrichum acutatum and sets the stage 
for the research presented in the dissertation. This chapter starts with a literature review on 
the biology, ecology, epidemiology, and management of the pathogen and ends with the 
research rationale and objectives. The second chapter is a manuscript, published in 2001 in 
the journal Phytopathology, which describes studies characterizing the behavior of C. 
acutatum on symptomless strawberry leaves under continuous wetness and optimum 
temperature. The third chapter, a manuscript submitted to Phytopathology in March 2002, 
presents research on the effects of temperature and wetness on the ecology of C. acutatum on 
symptomless leaves, as well as a study investigating pathogen survival on leaves. The fourth 
chapter is a manuscript in preparation for Phytopathology and presents research on the 
effects of plant extracts on C. acutatum on strawberry leaves. The fifth chapter summarizes 
research results and draws an overall conclusion to the dissertation. 
Literature Review 
Strawberry Anthracnose 
Strawberries are grown and consumed in most temperate and many tropical areas of 
the world (43). In the early 1990% 46,740 acres/yr were devoted to strawberries in North 
America, resulting in an approximate yield of 1.4 billion pounds and a retail value of over 
$708 million (76). Many pests, diseases and weeds can reduce yield and quality of 
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strawberry. In order to combat these problems, producers in North America apply over 11 
million pounds of pesticide active ingredient to strawberry each year (76). 
Anthracnose is a general term used to refer to diseases that appear as necrotic, sunken 
lesions on stems, fruits, flowers and leaves, and that are caused by fungi that produce their 
asexual spores in acervuli (3). Among the fungi that cause anthracnose diseases, those 
belonging to the genus Colleotrichum are the most important economically. In fact, the term 
anthracnose was first used to describe a new disease of strawberry caused by C. Jragariae 
Brooks (17). Anthracnose fungi cause serious economic damage in temperate, tropical and 
subtropical regions of the world where they affect cereals, legumes, ornamentals, vegetables 
and fruits (34). Colletotrichum species are important both as preharvest and postharvest 
pathogens. Postharvest diseases are particularly important because of the ability of 
Colletotrichum to cause latent or quiescent infections (34). 
Anthracnose is among the most important diseases of strawberry. This disease has 
become a major constraint to strawberry production in the US, where it may cause substantial 
yield losses (43). In Florida, where anthracnose is considered the principal disease problem 
on strawberries, up to 50% of the potential fruit yield has been lost due to this disease 
(43,49). In strawberry production fields, entire crops may be destroyed when disease-
favorable environmental conditions occur (33,43). Anthracnose diseases of strawberry are 
caused primarily by three Colletotrichum species: C. acutatum J.H. Simmonds, C. Jragariae 
A.N. Brooks, and C. gloeosporioides (penz.) Penz. & Sacc. in Penz. (teleomorph Glomerella 
cingulata (Stoneman) Pauld. & H. Schreck) (48,72). These pathogens can occur singly or in 
combination and cause a variety of diseases, of which fruit rot and crown rot are the most 
damaging (43). C. acutatum has been growing in importance in the last 20 years and is now a 
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major focus of concern in strawberry production (46,86). This literature review will focus on 
C. acutatum since the research presented in the dissertation was based on this pathogen. 
The Pathogen: Colletotrichum acutatum 
Taxonomy 
C. acutatum belongs to the subdivision Deuteromycotina, class Coleomycetes, order 
Melanconiales and genus Colletotrichum (3). No sexual stage has yet been associated with C. 
acutatum, but isolates of this fungus have produced perithecia in culture (39). The 
importance of the sexual stage and its contribution to genetic diversity within C. acutatum is 
still unknown (34). Multiple genotypes of C. acutatum exist worldwide, although strawberry 
isolates in Israel were shown to belong to a strictly vegetative clonal population (32). Host 
specialization of C. acutatum occurs in isolates from pine, which have been designated C. 
acutatum f. sp.pinea (23,58,59). 
Fungal description 
C. acutatum produces hyaline, aseptate, straight, smooth, cylindrical conidia (8.5-16.5 
x 2.5-4 um), with attenuated or pointed ends, that form in pink, salmon or orange masses in 
acervuli (26,38,40,72,75). Conidiogenous cells are phialidic, hyaline, and cylindrical, often 
with a collarette present. Appressoria are light to medium brown, clavate to obovate with 
smooth margins, and borne on undifferentiated hyphae (26). Setae are rarely produced in 
culture or on the host. When present, setae average 52 x 3.2 pm, are dark brown, thick-
walled, tapered and generally aseptate, but occasionally 1-septate (3), and do not produce 
conidia (38). Mycelial colonies are effuse, and white, pink, orange or lavender in color, 
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turning gray or black as they age. On the underside of culture plates the colonies are often 
orange, salmon or lavender with streaks of gray or black. Mycelium is superficial and 
immersed, branched, septate, and hyaline to dark brown. Within acervuli, conidia are 
embedded in a spore matrix composed of a mucilaginous, hydrophilic material that inhibits 
germination within acervuli and confers protection against extreme environmental conditions 
(7). 
Identification 
Classical identification of Colletotrichum species has been based largely on 
morphological characteristics of conidia, vegetative and sexual structures, cultural 
characteristics and host specificity (22,40,75). However, these methods have proven to be 
unreliable for discerning species of Colletotrichum (6,34). For example, the slower colony 
growth rate of C. acutatum has been used as a distinguishing characteristic against the faster 
growing C. gloeosporoides or C. Jragariae (16,49,75), but contrary observations have been 
reported (34). Other morphological characteristics, such as colony shape and color, and 
conidium shape, have also been shown to be highly variable (34). Alternatively, molecular 
methods can be used for taxonomic identification of Colletotrichum species. PCR-amplified 
rDNA analysis, using primers for the ITS region (16,34,77,78), reliably identifies C. 
acutatum at the species level, while A+T-rich DNA RFLPs and RAPD analysis can 
determine subpopulation diversity within species (34). Due the insensitivity of C. acutatum 
to benomyl, semi-selective media amended with this fungicide (16,27,62) have been used to 
distinguish it from the highly sensitive C. gloeosporoides (16,34). The fact that C. acutatum 
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seldom produces setae distinguishes it from C. gloeosporoides and C. jragariae (75), and 
vegetative compatibility studies can test uniformity of C. acutatum populations (32). 
Host range and world distribution 
C. acutatum has a worldwide distribution (45) and is responsible for causing 
anthracnose diseases on a wide range of vegetables and fruits, such as tomatoes, celery, 
avocados and mango (45,72). This fungus also attacks most citrus species (2,81.82,83,89). as 
well as forest species such as Pinus radiata (23,58,59), and weeds (48,79). C. acutatum can 
cross infect between hosts. In one study, isolates from anemone, apple, and peach were able 
to infect other hosts, including avocado, nectarines, almond and mango, when artificially 
inoculated (34). However, no evidence for cross infection was obtained from field 
inoculations (34). 
Strawberry Anthracnose caused by C. acutatum 
History and nomenclature 
C. acutatum was first reported as a causal agent of strawberry anthracnose in 
Australia (69). In the US, it was first found in Mississippi in 1983 (74), and later in the 
southern US states and California. Although C. acutatum initially appeared to be restricted to 
warmer regions, it has become increasingly important in northern regions of the US (86). C. 
acutatum is now present in most strawberry producing areas of the country (43,86) and is 
considered the predominant anthracnose pathogen on this crop (46). 
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Economic importance 
C. acutatum significantly reduces marketable fruit yield in production fields 
(27),(20,28,70,86), whereas decreased runner plant production is a serious problem in 
strawberry nurseries (28,75). Crown rot kills plants in both summer nurseries and production 
fields after transplanting (43,72,75). In addition, C. acutatum has been associated with recent 
anthracnose outbreaks in greenhouse strawberries in Kentucky (41). C. acutatum is also 
considered a major threat to the strawberry industry in Europe, and is listed as a quarantine 
organism by the European Community (9,19,44). In countries such as the United Kingdom, 
imported strawberries must be tested to reduce the risk of pathogen introduction on 
symptomless plants (9), and any infected crop must be destroyed (77,78). 
Symptomatology 
Fruit rot is the most important symptom caused by C. acutatum on strawberries but 
lesions and rots can develop on all other plant parts. The following descriptions of the disease 
symptoms were based on Smith (72) and Howard (43) unless otherwise stated. 
Fruit rot. Fruit symptoms initially appear as light brown, water-soaked spots that 
later develop into firm, sunken, round lesions that are typically dark brown to black but may 
remain tan. Under humid, warm weather, abundant sporulation occurs on these lesions, 
where slimy masses of conidia are produced in acervuli, imparting an orange-pink color to 
the lesions. These lesions eventually coalesce and the entire fruit dries up and becomes 
mummified. Symptoms typically develop on ripe fruit but can also occur on green fruit. In 
this case, the lesions are hard, dark brown to black, and may also appear as very small crusty 
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masses of spores around single achenes, which turn black, become sunken, and eventually 
develop lesions similar to those on mature fruit. 
Flower blight. Flowers are susceptible to infection at all stages of development but 
fully open flowers are most susceptible. Sepal infection occurs as the buds emerge from the 
crown, and eventually spreads to the entire bud, which dries up and turns brown. Pedicel 
infection prior to bud opening causes a dark lesion just below the calyx that encircles the 
stem and kills the flower bud. When an open flower becomes infected, the flower quickly 
dies and dries out, and a dark lesion extends several millimeters down the pedicel from the 
infected calyx. Infection after pollination results in small, deformed fruits, with developing 
achenes covered by crusty masses of spores. 
Lesions on stolons and petioles. Typical anthracnose lesions, characterized by 
sunken, firm, dark, dry spots with a clear demarcation line, develop on petioles and stolons. 
The lesions enlarge and eventually girdle the stems, causing wilting and death of leaves and 
daughter plants. Lesions typically develop on the underside of the petioles, causing them to 
bend downwards. 
Irregular leaf spot. Symptoms on leaves appear as dry, dark brown to black lesions 
that develop along the margins and tips of the leaves (51 ). The lesions are 3 to 18 mm long 
and expand 1.5 to 10 mm toward the center of the leaflets, forming irregular borders (51). 
When sporulation occurs on these lesions, they serve as inoculum sources for fruit rot and 
flower blight in production fields (51,80). Irregular leaf spot is easily confused with fertilizer 
bum or physiological tip burn, making correct diagnosis in nurseries difficult (43). 
Crown rot. Anthracnose crown rot is most commonly associated with C. Jragariae. 
but C. acutatum can also cause it. In Israel, for example, entire strawberry beds have been 
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destroyed due to crown rot caused by C. acutatum (33). Crowns become infected by growth 
of the fungus from petiole and stolon lesions and, after a period of normal growth, plants 
suddenly wilt and die. Crown rot can affect plants while in nurseries or after being 
transplanted into production fields. When infected crowns are cut open, a reddish-brown 
discoloration of the vascular system can be seen. 
Bud rot. A firm, brown to black rot may appear on infected buds. When plants have a 
single bud, the rot develops within a few days after transplanting and kills the whole plant. 
When plants have developed multiple crowns, symptoms appear several weeks after 
transplanting, and either a single infected bud dies while the remaining crowns continue to 
develop, or the infection spreads causing the whole plant to eventually die. 
Root rot. C. acutatum has also been shown to cause necrosis, chlorosis and stunting 
of strawberry roots in Israel (32). 
Disease Cycle and Epidemiology 
Dispersal. C. acutatum is introduced into strawberry production fields on infected or 
infested propagation material (27,28,32,33,48,72). Transplants may have symptoms on 
petioles, runners and leaves (43,51), or may be symptomless and carry the fungus as 
quiescent infections (30,67) or on infested soil attached to the roots (27). Warm and humid 
environmental conditions induce sporulation on lesions that then provide initial inoculum for 
developing flowers and fruits and, consequently, for the onset of field epidemics (43). 
Disease outbreaks have been associated, for example, with infection of leaves emerging from 
transplants that had developed irregular leaf spot in nurseries (42,43). Infected plants supply 
secondary inoculum for new infections throughout the growing season (43). 
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Disease dissemination occurs through splash dispersal of conidia from sporulating 
lesions due to rain or overhead irrigation (52,53,62,88). Splash dispersal of C. acutatum is 
dependent on weather factors, such as rain intensity, wind, and raindrop size (53,62,87), as 
well as surface topography factors, such as surface roughness, canopy density and ground 
cover (15,52,61,87). Increasing surface roughness, by replacing plastic mulch with soil or 
straw for example, has been shown to decrease pathogen dispersal and subsequent disease 
incidence (52,61,87). 
Apart from short-distance dispersal by splashing water (88), C. acutatum is 
disseminated over longer distances by movement of workers (60), equipment and animals 
(72). Transport of conidia between infected and healthy ripe fruit increases during harvest 
due to movement of pickers through the fields (48). 
Survival. C. acutatum overwinters in infected plants and plant debris that provide 
inoculum for the next season (72). In California, the pathogen was shown to survive in soil 
and buried debris for up to 9 months (27), but survival decreased with increasing soil 
temperature and moisture (28). Reduced survival of C. acutatum under warmer and moister 
soil conditions (48,60) may result from increased activity of antagonistic and competing 
microorganisms in soil (28). C. acutatum can also survive winter conditions typical of the 
northern US (86). In Ohio, for example, C. acutatum survived on mummified fruit when 
exposed for up to 18 weeks to temperatures as low as —30 °C under lab conditions, and for up 
to 6 months under field conditions during the winter (86). 
Fungal structures used by C. acutatum for survival have been described on some 
hosts but not on strawberry. C. acutatum f. sp. pinea survived for up to 2 years as melanized 
appressoria and chlamydospore-like hyphal cells on pine debris (59), whereas both conidia 
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and appressoria serve as survival structures of C. acutatum on citrus leaves (2). There is also 
evidence that survival structures can be induced to germinate and produce new conidia when 
exposed to humid conditions (59) or host flower extracts (2). These newly formed conidia 
may serve as primary inoculum for infections, as occurs in the citrus post-bloom fruit drop 
pathosystem (2,89). On strawberry, overwintering structures may be a significant source of 
inoculum, both in annual plantations where the soil has not been fumigated and in perennial 
systems (48). Survival of C. acutatum on non-host species is also known to occur, but the 
importance of this phenomenon as a source of inoculum in strawberry fields is unclear 
(31,72). 
Optimum conditions for growth and infection. Mycelial growth rate of C. 
acutatum in culture has an optimum temperature range of 24 to 28°C (27.75,85), and radial 
mycelial growth averages 8 to 9 mm/day on PDA at 27°C (40,80). Maximum and minimum 
temperatures for mycelial growth were 5 and 35°C, respectively, for isolates from strawberry 
(85) but 9 and 33°C, respectively, for isolates from soil (27). Infection of strawberry fruit is 
favored by increasing temperatures from 6 to 30°C and also by increasing wetness duration 
(85). Fruit maturity also influences temperature and wetness requirements for infection. In 
one study, infection of immature fruit did not occur at 4 or 35°C, and was greatly reduced at 
other temperatures with less than 7 hr wetness (85). Infection of mature fruit required shorter 
wetness duration at each temperature than immature fruit (85). Lesion size (21,85) and 
sporulation capacity (46) have an optimum between 26 and 29°C, and the latent period (the 
time between infection and sporulation) is shortest at these temperatures (46). C. acutatum 
possesses a higher sporulation capacity and shorter latent period at cooler temperatures than 
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other Colletotrichum species, which may possibly explain its relatively greater importance in 
the northern regions of the US (46). 
Pathogenesis 
Strawberry susceptibility to infection by Colletotrichum species depends on plant part 
and stage of maturation. Open flowers and pink to ripe fruits are the most susceptible, 
although infection of green fruits and closed buds can also occur (72). Petioles, runners and 
leaves are most susceptible when young but become very resistant to infection when plants 
are producing fruit (43,72). Gubler et al. (27) reported that petioles only became infected 
with C. acutatum if inoculated before they are fully developed but not when mature (27). 
Plants are also most resistant to crown rot when they are producing fruit (72). 
Infection process 
The infection process of Colletotrichum species has four pre-penetration stages: 
conidium germination, appressorium formation and attachment, appressorium dormancy, and 
appressorium germination leading to host penetration (64). The histology of infection by C. 
acutatum has been well characterized on several hosts, including pine (58), beets (65) and 
strawberry (67). 
Pre-penetration stages. Conidia of Colletotrichum are generally unicellular but 
develop a single septum at germination (58,64). Conidia germinate either by producing 
germination tubes and terminal appressoria, or by forming sessile appressoria (7). 
Appressoria are flat globose structures that are important for fungal attachment to the host 
surface, survival, and infection (29,64). Appressoria develop when germ tubes stop 
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elongating, and the apex becomes swollen and vacuolized, enlarging towards the conidium 
(64). Appressorium maturation continues with the development of a septum that delimits the 
appressorium from the germ tube or conidium (in the case of terminal and sessile 
appressoria, respectively) and with the thickening and melanization of the appressorium wall 
(7,64). Melanization provides resistance to adverse environmental factors such as 
desiccation, ultraviolet light, temperature, and microbial activity (29,57). In the final pre-
penetration stages of appressorium development, a germ pore develops in the ventral wall of 
the appressorium (64), from which host penetration eventually occurs (7,58). 
Conidia of Colletotrichum species may start to produce germ tubes 2 to 4 h after 
immersion in water, and appressoria may develop 5 to 6 h after germ tubes appear (64). On 
beet leaves, C. acutatum started germination within 4 to 8 h after inoculation, and formed 
appressoria within 12 to 16 h (58,65), whereas C. acutatum f. sp.pinea started germination 
within 24 to 96 after inoculation on pine (58). 
Specific host substances are not necessary for conidial germination and appressorial 
development of C. acutatum, since both processes can occur in distilled water on glass and 
cellophane surfaces (64). Physical, chemical and biotic components of the host environment 
can, however, inhibit or stimulate these processes. For example, conidial germination, germ 
tube growth, and mycelial development are increased in the presence of high nutrient levels 
(13, 29,64), while nutrient stress stimulates appressorial initiation (13). Development of C. 
acutatum appressoria may also be stimulated by the presence of diffusible substances from 
host leaf surfaces (65). These stimulants are inhibitors of germination and fungal growth, 
suggesting that appressoria are formed as a consequence of inhibition of germ tube extension 
(65). Stimulation of appressorium production on leaf surfaces by Pseudomonas species, for 
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example, was attributed to strong nutrient competition by the bacterium (12,13). S lade et al. 
(71) also found that the presence of siderophores (iron-chelating compounds) produced by 
Pseudomonas species stimulated both germination and development of melanized 
appressoria by C. acutatum. Other factors that may affect appressorium development include 
conidium age, aeration, surface texture, pH, light, exogenous nutrients and temperature (64). 
Temperatures above 30°C and high nutrient availability have resulted in production of 
abnormally hyaline, thin-walled appressoria that were incapable of germinating (64). 
Attachment of appressoria to plant surfaces occurs primarily from the production of a 
hemicellulosic mucilage by the fungus, but may be supplemented in some species by 
dissolution of cuticular wax (64). However, germination of C. acutatum f. sp. pinea 
apparently occurs in the absence of any mucilge or sheath attaching the appressoria (58). 
Appressoria often go through a period of dormancy, or quiescence, before they 
germinate and infect the host. The duration of this period may be regulated by components of 
the host tissues that inhibit appressorium germination (64). The topic of quiescence will be 
discussed in more detail below. 
Penetration. Host penetration by Colletotrichum species occurs directly through the 
cuticle (58). Two types of infections can develop (7): (i) intracellular hemibiotrophic, in 
which infection vesicles or swollen hyphae form within epidermal cells, e.g. on pine needles 
(58), and (ii) subcuticular, intramural necrotrophic, where cuticular penetration is followed 
by hyphal proliferation within the cuticle and epidermal cell walls, but without penetration of 
the cell lumen, e.g., on strawberry leaves (67) and petioles (1). Both infection types may 
remain quiescent for a period of time before extensive colonization, cell death, and symptom 
development occur (1,5,7). After this initial symptomless period, the pathogen becomes 
necrotrophic, invading disrupted cortical cells and causing the appearance of symptoms. 
Sporulation occurs when intra- or subepidermal stroma erupt through the epidermis or 
cuticle, forming an acervulus containing conidia (1,58). 
Quiescence 
Colletotrichum spp. produce quiescent infections on a wide range of plants. These 
infections result in serious post-harvest losses of tropical and sub-tropical fruits (4,24), as 
well as of temperate fruits such as apples (11). The quiescent, latent, or dormant phase of a 
parasitic relationship has been defined as a prolonged period during the life of the host when 
a pathogen remains in an inactive stage until, under certain circumstances, it becomes active 
(84). In epidemiology, the latent period is defined as the time between landing of a spore on 
the host surface and production of new spores (17). In order to differentiate between the 
concepts of quiescence and latency, the remaining dissertation will use the term quiescence 
to refer to periods of fungal inactivity on or within the host. 
Although quiescence has most commonly been associated with the cessation of 
fungal development in post-penetration phases of infection (64), there is evidence that it can 
occur at any stage of fungal development, from spore deposition on the host surface to 
colonization (57,68). For example, C. piperatum remains quiescent on the surface of unripe 
peppers as ungerminated conidia until fruit exudates induce the conidia to germinate (37), 
whereas other species, such C. graminicola (10), may remain quiescent on the host surface as 
ungerminated appressoria. C. acutatum is also capable of surviving for several months as 
quiescent appressoria on vegetative tissues of citrus without forming infections (2,16). In 
contrast, quiescence of C. gloeosporioides occurs after formation of short penetration pegs 
into the host (68). 
The transition from a quiescent relationship to active parasitism results from changes, 
most likely physiological, in the host (68,84). Cessation of quiescence by Colletotrichum 
species usually occurs only when fruits are ripening or when vegetative tissues are senescing, 
and has been attributed to factors such as reduction of antifungal compounds, production of 
ethylene, and changes in nutritional status occurring in the host during these phases (68,84). 
Pre-penetration quiescence may also be affected by factors such as the presence of 
germination self-inhibitors and the surface wax of the host (68). The change from 
quiescence to active growth results in symptom development and fungal sporulation under 
favorable environmental conditions. 
Due to the capacity of C. acutatum to remain quiescent, and the consequent risk of its 
dissemination on symptomless planting material, much effort has been devoted to developing 
rapid and accurate diagnostic systems for this pathogen on plants (9,11,18,19,44,56). In an 
initial test, paraquat herbicide was used to induce host senescence as a means to trigger 
sporulation of the fungus (11,18,30), after which fruiting structures were observed under a 
dissecting microscope (9,44). However, this testing procedure is slow, laborious and requires 
expertise in order to distinguish among Colletotrichum species (44). Attempts to use enzyme-
linked immunosorbent assay (ELISA) or polymerase chain reaction (PCR) tests initially 
failed to detect the pathogen on symptomless plant material, probably due to insufficient 
sensitivity to very low pathogen concentrations (9). A bio-amplification ELISA test has now 
been developed (44) that relies on the use of monoconal antibodies specific to C. acutatum 
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conidia (9,19), preceded by treatment with paraquat to induce sporulation, and thus increase 
pathogen titer for the test (9,44). 
Management 
Management of strawberry anthracnose is difficult, particularly after fruit rot and 
flower blight have appeared in production fields (20,42,43,72). The most effective disease 
management strategy relies on practices aimed at both nurseries and production fields, that 
avoid pathogen introduction into new plantings and its spread after transplanting. 
Avoiding disease establishment in production fields. Ideally, production fields 
should be established with anthracnose-free plants (54). In practice, however, production of 
disease-free plants in commercial nurseries is challenging because it is difficult to effectively 
exclude the pathogen from soil, plants, personnel, and equipment (43, 54), and inoculum can 
be transported into clean fields from infested or infected neighboring fields (54). 
Furthermore, the quiescent nature of the pathogen, and the lack of effective detection and 
certification protocols for C. acutatum on symptomless plants, makes it difficult to ensure 
that transplants are entirely pathogen-free (72). Since high nitrogen levels favor disease 
development, nursery plants should be produced using minimal nitrogen fertilization (43,72). 
Nurseries should also be regularly inspected for anthracnose symptoms. If the disease is 
found, symptomatic plants should be rogued and fungicides should be applied to 
asymptomatic plants (43). Hot water treatments have successfully reduced C. acutatum on 
strawberry plants (33) and anemone (25) but are not recommended for transplants used in 
production fields due to problems with reduced plant vigor and yield (33). 
17 
Disease suppression in production fields. Cultural, chemical and genetic tactics can 
be used to manage strawberry anthracnose in production fields, but are only partially 
effective in controlling the disease. Disease severity and spread can be reduced by cultural 
practices that reduce pathogen dissemination within fields (48,72). Splash dispersal can be 
reduced by measures such as using straw mulches instead of plastic or bare soil 
(36,52,61,87), using drip instead of overhead irrigation (48), and by avoiding field activities 
when foliage is wet (21). Important disease management tactics after symptoms appear 
include picking and promptly removing all infected fruit from the field to reduce inoculum 
levels, and increasing the frequency of fruit picking to reduce the amount of overripe fruit in 
the field (43,72). To avoid disseminating pathogen inoculum, pickers should not be allowed 
to move from infested to uninfested fields without first washing their hands and arms (43). 
As in nurseries, nitrogen fertilization should be minimized (72). 
Fungicide applications are widely used against strawberry anthracnose but do not 
provide satisfactory control of this disease. Available fungicides are either only partially 
effective against anthracnose pathogens (43,48,72) or have restricted use on fruit production 
fields (48). For example, applications of benomyl and captan have typically been 
recommended, but most C. acutatum isolates are resistant to benomyl (48,72) and captan is 
only partially effective (33). More recently, strobilurin fungicides, used alone or in 
combination with captan, have shown promising results for control of anthracnose fruit rot 
(14,47,50). In Israel, transplant dips in prochloraz before planting have greatly enhanced 
disease management in production fields (33), but this product is not registered for use on 
strawberries in the US (48). The use of soil fumigation with chloropicrin and methyl bromide 
before planting a new strawberry crop has been a common practice in nurseries and 
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production fields and effectively kills any inoculum left in the field from the previous year 
(27). However, this practice does not affect inoculum introduced with new transplants. 
Moreover, methyl bromide will soon be removed from the market and will no longer be a 
management option. 
The use of resistant cultivars shows promise as an effective and environmentally safe 
management tactic for strawberry anthracnose. However, few cultivars commercially 
available at present are resistant to this disease (35,48,73), and cultivars vary in their 
susceptibility to infection of different plant parts (21,73). Cultivars resistant to petiole and 
crown infection, for example, may not necessarily be resistant to fruit rot (21,35). Cultivar 
resistance may also vary among isolates or races of each strawberry anthracnose species 
(8,21,73), and appears to depend on environmental conditions (21) such as temperature and 
relative humidity (73). Therefore, screening of breeding lines resistance to C. acutatum need 
to consider the effect of temperature, inoculum density and pathogen virulence on disease 
development (21). 
Research Rationale 
C. acutatum is one of the most important pathogens affecting strawberry. Yield losses 
can be severe in both nurseries and production fields and disease outbreaks are very difficult 
to manage due to partially effectiveness of available control measures. The pathogen appears 
to be disseminated on or within contaminated transplants, so practices focusing on the use of 
pathogen-free propagation material would be essential for better disease management (27). 
However, many questions on the epidemiology and ecological of C. acutatum on strawberry 
transplants need to be addressed before better disease management is achieved. 
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Strawberry transplants containing visible lesions are known to be important for 
disease development in production fields (51), and infested soil attached to transplants has 
also been suggested as an important source of primary inoculum (27,28). However, the 
potential for survival and inoculum production of C. acutatum on symptomless strawberry 
leaves has not been studied. The ecological behavior of C. acutatum on strawberry plants 
prior to the onset of an epidemic remains a major gap in understanding the anthracnose 
disease cycle. 
Symptomless foliage has been shown to harbor inoculum for fruit and flower 
infections of several Colletotrichum species (55,61,79). Pantidou and Schroeder (63), for 
example, have shown that symptomless tomato leaves harbored C. phomoides conidia 
capable of causing infections on tomato fruit and, on citrus leaves, C. acutatum was shown to 
survive and produce inoculum for flower infections (82,89). Several other researchers have 
suggested that C. acutatum can develop quiescent infections on strawberry plants (42,54,66), 
but the epidemiological role of such infections, prior to colonization of fruits and senescing 
foliage has not been investigated. Furthermore, information is scant on the morphological 
characteristics of C. acutatum on transplants and the conditions that favor its survival and 
growth on foliage. A better understanding of the ecology of C. acutatum on strawberry 
foliage therefore appears essential for the development of more effective management tactics 
against strawberry anthracnose. 
The goal of the research presented in this dissertation was to characterize the 
ecological behavior of C. acutatum on symptomless strawberry leaves. The germination and 
infection process of this pathogen on strawberry leaves was first characterized at a single 
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temperature (26°C) and continuous wetness, conditions reported to be optimal for growth and 
infection (85). In order to represent a broader range of environmental conditions that occur in 
strawberry production areas, the effects of temperature and intermittent wetness on foliar 
ecology of C. acutatum were then investigated. The potential for survival on leaves exposed 
to different intermittent wetness regimes was also tested. Finally, the epiphytic phase of the 
fungus was characterized in the presence of plant extracts that may affect fungal behavior 
during symptomless phases of the disease. 
Research objectives 
The three objectives of this research were: 
1. To characterize and quantify germination and infection of C. acutatum on symptomless 
strawberry leaves during periods of leaf wetness at an optimum temperature for fungal 
growth and infection. 
2. To determine the effects of temperature and intermittent wetness on germination, 
appressorial production and conidiation of C. acutatum on symptomless strawberry 
leaves, and assess the potential for pathogen survival on the leaves. 
3. To determine the effects of strawberry plant extracts on germination, appressorial 
production and secondary conidiation by C. acutatum on symptomless strawberry 
leaves. 
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CHAPTER 2. GERMINATION AND SPORULATION OF COLLETOTRICHUM 
ACUTATUM OS SYMPTOMLESS STRAWBERRY LEAVES1 
A paper published in the journal Phytopathology2 
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ABSTRACT 
The germination and survival of C. acutatum conidia were characterized over time on 
strawberry leaves (cv. Tristar) and plastic cover slips incubated at 26°C under continuous 
wetness. Conidia germinated within 3 h after inoculation and formed melanized appressoria 
with pores by 9 h after inoculation. Host penetration was not observed up to 7 days after 
inoculation. Production of secondary conidia on conidial and hyphal phialides began within 6 
1 Journal Paper No. J-19053 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa, Project No. 3564, and supported by Hatch Act and State funds. Portion 
of Ph D. research by Leonor Leandro. 
2 Reprinted with permission of Phytopathology, 2001,91:659-664 
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h after inoculation. Secondary conidiation was responsible for up to 3-fold increases in the 
total number of conidia within 7 days after inoculation. Primary conidia and hyphae began to 
collapse 48 h after inoculation, whereas melanized appressoria remained intact. These 
findings suggest that appressoria and secondary conidia of C. acutatum produced on 
symptomless strawberry foliage may be significant sources of inoculum for fruit infections. 
Additional keywords: anthracnose, epidemiology, microcyclic conidiation, phyllosphere 
ecology 
Anthracnose, caused by Colletotrichum acutatum J.H. Simmonds, is responsible for 
major losses in strawberry (Fragariaxananassa Duch.) production worldwide (11, 14,26). 
Fruit rot and flower blight are common symptoms in fruiting fields (11), while lesions on 
stolons, petioles and leaves are particularly damaging in plant nurseries (9,10,16). C. 
acutatum can also cause crown rot and plant death in some regions (9,11,25). 
The pathogen is apparently introduced into production fields on infected or infested 
propagation material (9,14,16,18). During warm, moist periods, lesions formed on transplants 
produce abundant conidia (11,26), which are then splash-dispersed onto flowers and fruits, 
resulting in new infections (26,29). However, when epidemics develop in fields where 
symptomless propagation material was planted, the source of initial inoculum is not clearly 
identifiable (11). Eastburn and Gubler (8) suggested that the fungus is transported in infested 
soil attached to strawberry crowns, but the form and fate of fungal propagules from this 
potential inoculum source were not reported. Several other studies have suggested that C. 
acutatum can develop quiescent infections on strawberry plants (11,18,23), but the 
epidemiological role of such infections prior to colonization of fruits and senescing foliage 
has not been investigated. 
The histology of infection by Colletotrichum spp. has been studied thoroughly on 
several hosts (5,7,20,22). Conidia germinate either by producing germination tubes and 
terminal appressoria, or by forming sessile appressoria (4). Appressoria then become 
melanized and develop pores from which host penetration occurs (4,20). Two types of 
infections can then develop: (i) intracellular hemibiotrophic, in which infection vesicles or 
swollen hyphae form within epidermal cells, e.g. on Pinus needles (20), and (ii) subcuticular, 
intramural necrotrophic, where cuticular penetration is followed by hyphal proliferation 
within the cuticle and epidermal cell walls, but without penetration of the cell lumen, e.g., on 
strawberry petioles (I) and leaves (4,23). Both infection types may remain quiescent before 
extensive cell death, colonization, and symptom development occur (3,4). 
Symptomless foliage has been shown to harbor inoculum for fruit and flower 
infections of several Colletotrichum species (7,21,28). Pantidou and Schroeder (21), for 
example, showed that conidia of C. phomoides harvested from symptomless tomato leaves 
were able to cause infections on tomato fruit. On citrus, C. acutatum was shown to survive 
on leaves as quiescent appressoria (28,30). These appressoria could be stimulated to 
germinate directly and produce secondary conidia that served as inoculum for flower 
infections. It has also been suggested that quiescent infections on strawberry leaves can 
provide inoculum for strawberry anthracnose epidemics (23). However, the potential for 
inoculum production on symptomless strawberry leaves has not been examined. A better 
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understanding of the ecology of C. acutatum on strawberry foliage prior to development of 
fruit rot symptoms may provide insights to improve management of strawberry anthracnose. 
The objective of this study was to characterize and quantify germination and 
sporulation of C. acutatum on symptomless strawberry foliage during periods of leaf 
wetness. A preliminary report has been published (12). 
MATERIALS AND METHODS 
Plant production and maintenance. Day-neutral strawberry crowns (cv. Tristar) 
were planted in 15-cm-diameter plastic pots containing a 1:2:1 mixture of peat, perlite, and 
soil, and grown in a greenhouse maintained at 25 ± 4°C with a 16-h photoperiod. The plants 
were drip irrigated and fertilized weekly with a solution of 21-5-20 fertilizer (Miracle Gro 
Excel — 400 ppm N). For each experiment, newly unfurled leaves were tagged 7 to 10 days 
before sampling to insure uniformity of leaf age at sampling. 
Inoculum production. Isolate HF-ac-98 of Colletotrichum acutatum was obtained 
from an infected strawberry fruit collected at the Iowa State University Horticulture Research 
Farm near Gilbert, IA. The isolate was grown on potato dextrose agar (PDA) amended with 
150 ppm streptomycin and 150 ppm tetracycline, and transferred to silica gel for long-term 
storage. All cultures used for inoculum preparation were started by depositing infested silica 
gel crystals on PDA plates and culturing at 26°C in darkness until conidia developed. 
Conidia collected from PDA cultures were seeded onto strawberry fruit agar (SFA) prepared 
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with 200 ml of blended, pesticide-free, ripe strawberries (cv. Tristar), 20 g of agar, 3 g of 
CaCO], and 800 ml of distilled water (pH 5.5 to 6.0). 
Conidial suspensions used for inoculations were prepared from 7-day-old cultures 
grown on SFA at 26°C in darkness. Each SFA culture plate was flooded with 9 ml of sterile 
deionized water (SDW) and scraped with a rubber policeman to dislodge conidia. The 
resulting conidial suspension was filtered through two layers of cheesecloth into a flask, and 
the conidia were then washed by centrifuging twice at 3,020 x g for 2 min, discarding the 
supernatant, and re-suspending the conidial pellet in SDW each time. The final conidial 
suspension was adjusted to 5x10s conidia/ml for leaf inoculations and 5xl03 conidia/ml for 
cover slip inoculations to obtain a similar conidial density on both surfaces. 
Leaf inoculation. Leaves were excised at the petiole base and placed in humid 
chambers, which were 24x34x6 cm plastic boxes (Tri-Star Plastics, Dixon, KY) with 500 ml 
of SDW. Leaves were suspended above the water on wire mesh with the excised ends of the 
petioles inserted through the mesh into the water. Within an hour after sampling, the wire 
mesh containing the leaves was removed from each crisper and the leaves were spray-
inoculated with a conidial suspension using an atomizer (DeVilbiss Air Compressor, 571 
Series, Somerset, PA). Approximately 5 ml of conidial suspension was sprayed over a 20x30 
cm area (average application of 40 conidia/mm2). The leaves and wire mesh were returned to 
the crispers, which were then sealed in plastic bags to maintain 100% relative humidity and 
incubated at 26°C in darkness. 
Four leaves were sampled arbitrarily at 0, 3, 6, 9, 12, 15,18,21, 24, 36,48, 72, 96, 
120, 144, and 168 h after inoculation. Two leaf disks were excised from each leaf, one on 
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either side of the central vein of the middle leaflet, using a 1-cm-diameter cork borer. The 
disks were fixed in 2% glutaraldehyde for 3 hr, then cleared in saturated chloral hydrate (200 
g/20 ml deionized water) for 5 days. After mounting the disks on a drop of Hoyer's medium 
and staining with 0.1% aniline blue in lactophenol, they were observed under a differential 
interference contrast (DIG) microscope for conidial germination. 
The total number of germinated and ungerminated conidia was counted in each of 16 
microscope fields (500X) observed on each leaf disk. These fields were selected by visually 
dividing a leaf disk into four quadrants and arbitrarily selecting four fields in each quadrant. 
A conidium was considered germinated when it had formed either a germ tube at least as 
long as its width, an appressorium, or a conidial phialide. Appressoria that were 
unmelanized, melanized without an appressorial pore, or melanized with an appressorial pore 
were also counted. An appressorium was defined as a globose, septum-delimited structure 
that formed either on a hyphal tip or sessile to a conidium. Dark brown appressoria were 
considered melanized, and appressorial pores were identified as small, basal, hyaline 
openings at the center of an appressorium. Data were converted to an area basis (mm 2) by 
dividing total number of conidia or appressoria in each leaf disk by the area of 16 microscope 
fields observed per disk. Eight disks were counted at each sampling time and the experiment 
was repeated once. 
Leaves inoculated as described above were incubated for 24 h and prepared for 
scanning electron microscopy. Leaf disks were fixed overnight at 4°C in cacoldylate buffer 
(pH 7.4) containing 2% glutaraldehyde and 2% paraformaldehyde, then rinsed in buffer and 
processed through graded alcohols to 100%. The disks were critical point dried in a Denton 
Critical Point Drying Apparatus DCP-1 (Denton Vaccum, Inc., Moorestown, NJ, USA), 
38 
mounted on aluminum stubs, and coated with a gold-palladium alloy to a thickness of 
approximately 300 angstroms on a Desk II Cold Sputter/Etch Unit (Denton Vaccum, Inc.). 
Microscopic observations were done using a JEOL (Japanese Electron Optic Laboratories, 
Tokyo, Japan) scanning electron microscope (JSM-5800LV SEM) at 10 kV. 
Cover slip inoculation. Conidial germination was also studied on 22x22 mm plastic 
cover slips. A 0.1-ml droplet of conidial suspension (5xl03 conidia/ml) was deposited in the 
center of each of four cover slips placed on moistened filter paper in glass petri dishes. Each 
petri dish was sealed with parafilm to maintain 100% relative humidity and incubated at 
26°C in darkness. Cover slips were sampled at intervals similar to inoculated leaves and 
prepared for microscopic observation by mounting on slides and staining with a drop of 0.1% 
aniline blue in lactophenol. Conidial germination and appressorium development were 
quantified at 250X magnification as described for leaf disks. Four cover slips were counted 
for each sampling time and the experiment was repeated once. 
Assessment of host penetration. To confirm microscopic observations of cleared 
leaf disks that indicated no penetration of the epidermis by hyphae up to 168 h after 
inoculation, two alternative assessment methods were used. In the first method, 30 
strawberry leaves were collected and placed in humid chambers at 100% RH as described 
above. Each leaflet was inoculated with two 0.01-ml droplets of a 1.8 x 104 conidia/ml 
suspension on each side of the leaflet midvein. The humid chambers were bagged and 
incubated at 26°C in darkness for 72 hr. Leaves were arbitrarily sampled from the crispers 
and assigned to each of six treatments arranged in a 3 x 2 factorial design including: (i) the 
method of disinfestation (surface disinfested, peeled/disinfested, and untreated) and (ii) the 
method used to induce senescence (freezing or not freezing leaves for 2 h after 
disinfestation). Ten leaves were surface-disinfested for 90 s in a mixture of 500 ml of sodium 
hypochlorite (0.5%) with 20 ^1 of Tween 20 (25%) and rinsed three times in SDW. Clear nail 
polish was applied to the adaxial surface of an additional ten leaves, then air dried and peeled 
off to detach fungal structures from the leaf surface (30), after which the leaves were surface 
sterilized and rinsed as described above. The remaining ten leaves were used as untreated 
controls. From each group of ten leaves, five were placed in sterile paper towels and frozen 
for 6 h to induce senescence and sporulation of C. acutatum (19) whereas the remaining five 
leaves were not frozen. The two lateral leaflets from each leaf were then detached and plated, 
adaxial side up, onto PDA amended with streptomycin (150 ppm), tetracycline (150 ppm), 
and Tergitol (18 drops/L). The plates were sealed with parafilm and incubated for 5 days at 
26°C in darkness. The number of inoculum droplets that yielded C. acutatum colonies on 
each leaflet was counted 5 days after inoculation. A total of 40 droplets were assessed per 
treatment (four droplets x five leaves x two leaflets/leaf). 
In the second assessment of host penetration, four leaves were each inoculated with 
two 0.02-ml droplets of a 10s conidia/ml suspension of unwashed conidia and incubated in 
crispers for 72 h as described above. Leaf segments containing an inoculum droplet were 
then excised from each leaf and 50-pm-thick, transverse sections were prepared using a 
vibrating microtome. Leaf sections were stained with 0.1 % aniline blue in lactophenol and 
observed under oil immersion at 1,000X. Each leaf section was evaluated for the presence of 
sub-epidermal infection structures beneath appressoria. A total of 40 leaf sections (five 
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sections x two droplets x four leaves), each containing five or more appressoria, were 
observed, and the experiment was repeated once. 
Data analysis. Since most population growth trends reached an apparent asymptote 
at 48 hr, counts of total conidia, total appressoria and total appressoria with pores were 
averaged over the period of 48 to 168 h to represent the final population size. Initial 
population size (primary conidia) was determined by total number of conidia 3 h after 
inoculation. 
RESULTS 
Germination process. Conidia began to germinate on leaves and cover slips within 3 
h after inoculation (Fig. 1). Most conidia developed a central transverse septum and 
germinated on one or both ends by forming a germination tube or a sessile appressorium. 
Some conidia, however, did not become septate. Appressoria also developed at the distal 
ends of the elongated germination tubes that were sometimes branched. Appressoria were 
initially hyaline, then became melanized and developed basal pores on both leaves and cover 
slips. Many sessile appressoria did not become melanized but instead formed a germination 
tube, at the tip of which another appressorium developed and became melanized. By 48 h 
after inoculation, the primary conidia (used to inoculate plants) had begun to collapse and 
disintegrate, while several hyphal segments and conidial cells had become melanized. 
Secondary conidia were produced by primary conidia that germinated with phialides 
instead of germination tubes (Fig. 2), and by phialides forming on elongated germination 
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tubes. Conidial phialides were observed on non-septate primary conidia, and also on septate 
primary conidia that had developed a germination tube or appressorium on the opposite end. 
Secondary conidia were first observed on conidial phialides 9 and 6 h after inoculation in 
experiments 1 and 2, respectively, and on hyphal phialides 24 h after inoculation. Both 
conidial and hyphal phialides produced multiple secondary conidia that detached and 
accumulated near the phialides. 
Preliminary experiments indicated that a large proportion of conidia were washed off 
leaf disks immediately (0 h) after inoculation due to immersion of the disks in fixative (data 
not shown). Conidial wash off was negligible at > 3 h after inoculation, as germinated 
conidia were more firmly attached to the leaves. This artifact explains why the number of 
ungerminated conidia observed on leaves was lower at 0 h than at 3 h after inoculation (Fig. 
1A and B). Consequently, we used the total number of conidia at 3 h as an estimate of the 
number of primary conidia (Table 1). After the initial increase, the number of ungerminated 
conidia on leaves decreased to a minimum 9 h after inoculation, when 88 and 95% 
germination were observed in experiments 1 and 2, respectively. The increase in number of 
ungerminated conidia observed after this time, and the consequent increase in total conidia, 
resulted from the production of secondary conidia on the leaf surface. No superficial 
evidence of infection (e.g., tissue discoloration, acervuli) was observed. 
In the cover slip experiments, conidia germinated and formed structures similar to 
those described on leaves (Fig. 1C and D). However, fungal behavior was more variable 
between sampling times and between the two experiments. Germination began within 3 h 
after inoculation in experiment 1 but between 9 and 12 h after inoculation in experiment 2. 
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Appressorium development. In both leaf experiments, the number of initially 
unmelanized appressoria on leaf surfaces decreased beginning 6 h after inoculation as 
melanization occurred (Fig. 3 A and B). Appressorial pores were first observed at 
approximately the same time that melanization began. The number of appressoria with pores 
increased over time, and most had pores after 18 and 36 h in experiments 1 and 2, 
respectively. Between 48 and 168 h after inoculation, an average of 60% of the total 
appressoria on leaves developed appressorial pores (Table 1). On cover slips, appressoria 
became melanized and formed pores, but a higher number of appressoria remained 
unmelanized relative to total appressoria than on leaves (Fig. 3C and D). 
Host penetration. Presence of intra- or intercellular infection structures on cleared 
leaf disks was not detected. In the surface disinflation experiments, unfrozen leaves 
remained green throughout the experiment except for some localized browning on leaves 
from the surface-disinfested or peeled/disinfested treatments, perhaps in response to 
wounding. All frozen leaves were uniformly brown as a result of senescence induced by 
freezing. On unfrozen leaves, 0,4, and 4 out of 40 inoculum droplets yielded C acutatum 
colonies in the untreated, surface disinfested, and peeled/disinfested treatments, respectively. 
Colonies of C. acutatum, consisting of bright orange acervular masses, developed only where 
tissue browning coincided with inoculated sites, but never on green leaf areas. On frozen 
leaves, 40, 13, and 0 out of 40 inoculum droplets yielded C. acutatum colonies in the 
untreated, surface disinfested and peeled/disinfested treatments, respectively. Host 
penetration was not detected in microscopic observations of >300 appressoria on transverse 
leaf sections. 
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DISCUSSION 
This is the first report of production of secondary conidia by C. acutatum on 
symptomless strawberry leaves. Secondary conidiation, also known as microcyclic or 
precocious conidiation, is defined as conidiation that occurs directly after conidial 
germination with little or no mycelial growth (27). This phenomenon has been reported for 
several fungi (2,6,27), including other Colletotrichum spp (15,24), but its occurrence in C. 
acutatum was previously described only in vitro (13) and on other hosts (20,22). 
We observed secondary conidiation on both leaves and cover slips, indicating that 
this phenomenon can occur in the absence of host penetration or other nutrient sources (17). 
The production of secondary conidia increased the total number of conidia on leaf and cover 
slip surfaces. The actual number of secondary conidia produced per unit primary inoculum 
applied may have been underestimated due to wash-off of secondary conidia (data not 
shown). Although secondary conidiation was responsible for up to a 3-fold increase in the 
total number of conidia on leaf and cover slip surfaces, up to 5-fold increases were observed 
in preliminary experiments using unwashed conidia (data not shown). Secondary conidiation 
in other fungi has been associated with factors that inhibit hyphal development (27), such as 
nutrient deficiency (6,24,27) and high temperature stress (2.27). Furthermore, Lingappa and 
Lingappa (15) showed that the presence of germination inhibitors associated with masses of 
conidia of Glomerella cingulata stimulated the production of secondary conidia by this 
fungus. Our observations are consistent with this work, since conidial washing may have 
diluted germination inhibitors and thereby suppressed secondary conidiation, favoring 
vegetative growth. Based on these results and observations, we hypothesize that under field 
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conditions, the contribution of secondary conidiation to inoculum levels is influenced by the 
intensity and duration of rainfall events. 
Previous work has suggested that foliage may be a significant source of inoculum for 
fruit and flower infections by other Colletotrichum spp. on several hosts (7,21,28). On citrus. 
Zulfiqar et al. (30) showed that appressoria of C. acutatum were induced to germinate and 
form secondary conidia on leaf surfaces in response to water and flower extracts. These 
conidia were then splash-dispersed onto flowers, resulting in postbloom fruit drop. In our 
study, we observed collapse of fungal hyphae and primary conidia within 48 h after 
inoculation, with only melanized appressoria, melanized hyphal segments, and secondary 
conidia remaining intact on both leaf and cover slip surfaces. These melanized structures are 
likely forms of pathogen survival on symptomless leaves. It is also reasonable to hypothesize 
that, as in citrus, appressoria can be induced to germinate and produce secondary conidia that 
can function as primary inoculum for strawberry fruit infections. 
C. acutatum germinated and formed melanized appressoria with pores, as previously 
observed for this fungus on strawberry (1,23) and other hosts (20,22,30). We did not detect 
host penetration or other evidence of quiescent infections with any of the three methods used 
for this purpose. The development of appressorial pores on both leaves and cover slips could 
not be interpreted as evidence for host penetration. Quiescent infections of C. acutatum have 
been detected on citrus by stripping leaf surfaces with nail polish and then observing the 
development of acervuli on these leaves over time (30). In our experiments, this method 
yielded no C. acutatum colonies on leaves that were frozen to enhance acervulus 
development, suggesting the complete removal of C. acutatum from leaf surfaces and the 
absence of quiescent infections. Senescence is required for acervular development on 
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strawberry leaves, as indicated by the development of acervuli from all inoculum droplets on 
frozen, untreated leaves and their absence on green areas of unfrozen leaves. The reduction 
in the number of C. acutatum colonies on frozen, surface disinfested leaves compared to 
frozen, untreated leaves suggests that this method is partially effective in removing fungal 
structures on the leaves. Development of acervuli on senesced areas of a few unfrozen, 
peeled leaves may have resulted from incomplete appressorium removal from these leaves. 
In other work, microscopic observations of strawberry leaf sections detected subcuticular 
infections of C. acutatum on leaves (23) and petioles (1). Differences in strawberry cultivars, 
C. acutatum isolates, and physiological condition of the leaves are possible explanations for 
differences between our results and these studies. 
Our evidence suggests that C. acutatum inoculum can survive and multiply on 
symptomless strawberry leaves, and that the production of secondary conidia may increase 
inoculum when susceptible tissue is not available. Eventually, a greater awareness of the 
surreptitious fungal dynamics on symptomless plants may also justify changes in currently 
recommended control strategies. Early fungicide applications, for example, might effectively 
reduce initial inoculum production on developing plants, thus reducing subsequent epidemic 
development on fruit. 
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TABLE 1. Production of secondary conidia and development of appressoria and appressorial pores on leaves and cover slips for 
experiments 1 and 2 
Conidia / Appressoria/ Proportion of 
Exp. Primary Conidia*" Primary Appressoria1* Appressoria Appressoria Z Primary appressoria 
conidia8 conidium with poresb conidium conidium with pores 
Leaves 1 22 ± 5.8C 75 ±18.1 3.4 ±1.2 59 ± 16.0 37 ± 11.2 0.8 ±0.3 2.7 ±1.0 0.6 ±0.3 
2 52+13.0 69+ 16.7 1.3 + 0.5 78+17.5 48 ±12.5 1.1 ±0.4 1.5 ±0.5 0.6 ± 0.2 
Cover 1 11 ±1.6 23 ±6.6 2.1 ±0.6 30 ±5.7 8 ±4.1 1.3 ±0.5 2.7 ±0.6 0.3 ±0.1 
slips 2 6± 1.5 11 ±2.8 1.8 ±0.7 12 ±7.3 3 ±4.6 1.1 ±0.8 2.0 ±1.4 0.3 ±0.4 
• Primary conidia are the total number of conidia 3 h after inoculation. 
b Conidia, appressoria, and appressoria with pores are mean counts (N=8) of total conidia, total appressoria, and total appressoria 
with pores averaged over the period of 48 to 168 h. 
c Standard errors of the mean. 
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Figure 1. Conidial germination of C acutatum on strawberry leaves in A) experiment 1 
and B) experiment 2, and on cover slips in C) experiment 1 and D) experiment 2. Leaves 
were spray inoculated with a 5 x 10s conidia ml* suspension, cover slips were inoculated 
with 0.1 ml droplets of a 5 x 103 conidia ml*1 suspension, and both were incubated at 
26°C in darkness. Error bars represent ± 1 standard error of the mean, calculated from 
pooled variance among observations (n=8) at each time and averaged for all curves. 
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Figure 2. Secondary conidiation of C. acutatum on strawberry leaves 24 h 
after inoculation observed using SEM microscopy. A) Primary conidium with 
secondary conidium (arrow) attached to conidial phialide. Notice mucilage 
surrounding primary conidium and appressorium (right); B) Primary 
conidium with secondary conidium (central arrow) detaching from hypha. 
Detached secondary conidia (at upper left) may have been produced by 
partially visible conidial phialide (at left arrow). 
53 
E 80 
s 40 
Unmelanized 
— —o — Melanized without pore 
v Melanized with pore 
— — —— — Total 
s 30 
= 20 
5 10 
0 24 48 72 96 120 144 168 
Time after inoculation (h) 
24 48 72 96 120 144 168 
Time after inoculation (h) 
Figure 3. Appressorial development of C. acutatum on strawberry leaves in A) 
experiment 1 and B) experiment 2, and on cover slips in C) experiment 1 and D) 
experiment 2. Leaves were spray inoculated with a 5 x 10s conidia ml"1 suspension, cover 
slips were inoculated with 0.1 ml droplets of a 5 x 103 conidia ml*1 suspension, and both 
were incubated at 26°C in darkness. Error bars represent ± 1 standard error of the mean, 
calculated from pooled variance among observations (n=8) at each time and averaged for 
all curves. 
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CHAPTER 3. INFLUENCE OF TEMPERATURE AND WETNESS DURATION ON 
THE GERMINATION AND CONIDIATION OF COLLETOTRICHUM ACUTATUM 
ON SYMPTOMLESS STRAWBERRY LEAVES1 
A paper submitted to the journal Phytopathology 
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ABSTRACT 
Strawberry leaves (cv. Tristar) inoculated with Colletotrichum acutatum conidia were 
incubated at 10, 15, 20, 25, 30 and 35°C under continuous wetness, and at 25°C under six 
intermittent wetness regimes. Conidia and appressoria were quantified on excised leaf disks. 
Inoculated leaves were frozen and incubated to induce acervular development and assess 
pathogen survival. Germination, secondary conidiation, and appressorial development were 
significantly (P<0.05) affected by temperature and wetness treatments. Under continuous 
'Journal Paper No. 19785 of the Iowa Agriculture and Home Economics Experiment Station, 
Ames, Iowa, Project No. 3564, and supported by Hatch Act and State funds. Portion of PhD. 
research by Leonor Leandro. 
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wetness, germination was highest at 20,25 and 30°C and lowest at 10°C, whereas 
appressorial development was greatest at 15°C and least at 35°C. Secondary conidiation 
significantly increased conidial populations on symptomless leaves. Secondary conidiation 
was greatest at 25 and 30°C, least at 10°C, and peaked within 24 h after inoculation. 
Germination, appressorial production, and secondary conidiation were favored by increasing 
wetness duration. More than 4 h of wetness was required for secondary conidiation and for 
conidial germination and appressorial production significantly greater than zero. C. acutatum 
survived up to 8 weeks on leaves under dry greenhouse conditions. The number of acervuli 
formed on leaves was closely related (r2>0.95) to appressorial populations, and was greatest 
following periods of continuous wetness. Production of secondary conidia and appressoria of 
C. acutatum on symptomless leaves under a range of environmental conditions suggests that 
these processes can also occur under natural conditions and may contribute to inoculum 
availability during the growing season. 
Additional keywords: anthracnose fruit rot, phyllosphere, survival, epidemiology, sporulation 
Anthracnose fruit rot, caused by Colletotrichum acutatum J.H. Simmonds, presents a 
major challenge for strawberry production worldwide (4,16,17,18,36). Under favorable 
environmental conditions, this disease can devastate entire production fields (14,17) and 
cause significant losses in the nursery industry (7,8,37). Fruit rot is the most important 
symptom caused by C. acutatum on strawberries, but lesions can develop on all other plant 
parts (13,17,36). Stolon lesions reduce runner plant production, while crown rots kill plants 
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in nurseries and production fields after transplanting (17,36,37). C. acutatum has also been 
associated with recent disease outbreaks in greenhouse strawberry production (15). 
Long-distance dissemination of the pathogen occurs on contaminated propagation 
material (7,8,13,14,22,36). Transplants may harbor inoculum in lesions (17,24), in infested 
soil attached to roots (7), or as conidia or quiescent infections on symptomless foliage 
(10,12,19,33). After sporulation occurs on lesions or senescent plant material, dissemination 
of the fungus occurs mainly by splash dispersal (42), but may also occur through handling of 
plants (31), especially during harvest (22). 
The epidemiology of C. acutatum on strawberry has been well characterized with 
regard to splash dispersal of conidia (25,26,27,41,42), infection and sporulation on fruit 
( 18,39), and survival in plant debris and soil (7,8,40). Little is known, however, about the 
behavior of C. acutatum on symptomless plants prior to the onset of an epidemic. C. 
acutatum conidia can germinate, form appressoria, and produce secondary conidia on 
symptomless strawberry leaves when incubated at 26°C under continuous wetness (19). The 
fungus was also shown to survive under greenhouse conditions on asymptomatic leaves of 
several plant species (12). These studies suggested that symptomless foliage might play an 
important role in the anthracnose disease cycle both as a harbor for fungal survival and a 
source of inoculum for fruit and flower infections (12,19,33). Temperature and wetness 
effects on C. acutatum have been reported for mycelial growth (1,7,11,21,37,39), 
germination and sporulation on agar (11), and infection and sporulation on fruit (18,39), but 
not on strawberry foliage. Furthermore, production of secondary conidia was not addressed 
in these earlier studies. 
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In order to develop more effective management tactics, there is a need to understand 
the behavior of C. acutatum on strawberry leaves under a range of environmental conditions. 
The objectives of this study were to i) determine the effects of temperature and intermittent 
wetness on germination and secondary conidiation of C. acutatum on strawberry leaves, and 
ii) assess the potential for C. acutatum to survive on symptomless strawberry leaves. A 
preliminary report has been published (20). 
MATERIALS AND METHODS 
Plant production and maintenance. Day-neutral strawberry crowns (cv. Tristar) 
were planted in 15-cm-diameter plastic pots containing a 1:2:1 mixture of peat, perlite, and 
soil, and grown in a greenhouse maintained at 25±10°C with a 16-h photoperiod. The plants 
were drip irrigated and fertilized with a solution of a 21-5-20 fertilizer (Miracle Gro Excel, 
400 ppm N) as needed. For each experiment, newly emerged leaves were tagged 7 to 14 days 
before inoculation to insure uniformity of leaf age when sampled. 
Inoculum production. Isolate HF-ac-98 of Colletotrichum acutatum was obtained 
from an infected strawberry fruit collected at the Iowa State University Horticulture Research 
Farm near Gilbert, IA, and transferred to silica gel for long-term storage. All cultures used 
for inoculum preparation were started by depositing infested silica gel crystals on potato 
dextrose agar (PDA) plates, and culturing at 25°C in darkness until conidia developed. 
Conidia collected from PDA cultures were spread onto strawberry fruit agar (SFA) (19) and 
incubated for 7 days at 25°C in darkness. Conidial suspensions used for inoculations were 
prepared by flooding each SFA culture plate with 9 ml of sterile deionized water (SDW) and 
scraping with a rubber policeman to dislodge conidia. The resulting conidial suspension was 
filtered through two layers of cheesecloth into a flask and the concentration was adjusted to 
5x1 Cf conidia ml"1. 
Temperature experiments. Tagged strawberry leaves were excised at the petiole 
base and placed in moist chambers (24x34x6-cm plastic boxes containing 500 ml of SDW). 
Leaves were suspended above the water on wire mesh with the excised ends of the petioles 
inserted through the mesh into the water. For inoculation, the wire mesh was removed from 
each box and the leaves were sprayed with a conidial suspension using an atomizer 
(DeVilbiss Air Compressor, 571 Series, Somerset, PA). Approximately 5 ml of conidial 
suspension was sprayed over a 20x30 cm area, resulting in an average application of 40 
conidia mm'2 leaf area. The leaves and wire mesh were returned to the boxes, which were 
then sealed in plastic bags to maintain 100% relative humidity and incubated at 10, 15, 20, 
25, 30, or 35°C (±1°C) in darkness. Temperature in the incubators (Thelco, Model 6, 
Chicago, IL, and Percival, Model I37-L, Boone, IA) was monitored and recorded every 15 
min using WatchDog Data Loggers (Model 150, Spectrum Technologies, Plainfield, IL). 
Four leaves were sampled arbitrarily from each incubator at 6, 12, 18, 24, 36,60, 84, 
and 132 h after inoculation. Two leaf disks were excised from each leaf, one on either side of 
the central vein of the middle leaflet, using a 1-cm-diameter cork borer. The disks were 
mounted on a drop of Hoyer's medium (6), stained with a drop of 0.1% aniline blue in 
lactophenol, covered with a glass cover slip, and observed under a light microscope. The 
total number of germinated and ungerminated conidia was counted in each of 16 microscope 
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fields (400X) per leaf disk. A conidium was considered germinated when it had formed 
either a germ tube at least as long as its width, an appressorium, or a conidial phialide. 
Unmelanized and melanized appressoria (globose, septum-delimited structures formed on 
germ tubes or sessile to conidia) were also counted. The number of conidia with a secondary 
conidium still attached to a conidial or hyphal phialide was quantified to estimate secondary 
conidiation (19). The number of total conidia (ungerminated + germinated) and total 
appressoria (unmelanized + melanized) was calculated. Data were expressed on an area basis 
(mm'2) by dividing total number of conidia or appressoria in each leaf disk by the area of 16 
microscope fields observed per disk. Eight disks were counted at each sampling time (2 disks 
x 4 leaves/sampling time), and the experiment was repeated once. 
Intermittent wetness experiments. Germination and conidiation of C. acutatum was 
further investigated on the leaf surface of intact strawberry plants incubated at 25±2°C under 
intermittent wetness and exposed to daily light cycles. In order to establish six wet/dry 
treatment regimes, plants were alternated between dew chambers (Percival, Model I60DL, 
Boone, LA) for the wet periods and a growth chamber (Conviron, Model PGW36, Winnipeg, 
Canada) for the dry periods. Treatments were defined by the ratio of dry to wet hours per day 
as follows: 0/24,4/20, 8/16,12/12, 16/8, and 24/0. The 24-h cycles were repeated for 7 days. 
All plants were watered daily at the start of the cycle and kept under a 12 h dark/12 h light 
regime. 
Ten plants arbitrarily assigned to each treatment were distributed within dew 
chambers and growth chambers according to a split-plot design with two blocks, using day of 
sampling as the whole-plot treatment and wet/dry regime as the split-plot treatment. Each 
plant was spray-inoculated with a conidial suspension, using an atomizer as described above, 
until all leaves were thoroughly covered with inoculum but no runoff had occurred. 
Following inoculation, plants were placed in dew chambers to start the wet incubation 
period, with the exception of plants in the continuous dry treatment, which were dried with 
fans for 10 to 15 min until no free water was observed on the leaves, then placed in the 
growth chamber. At the end of each wet period, plants were removed from the dew chamber, 
dried with fans (15 to 30 min), and placed in the growth chamber for the remaining dry 
period. Initial conidial populations on the leaves were estimated using an additional set of 
eight plants that were inoculated, dried, and sampled immediately after inoculation (time zero 
assessment). Two tagged leaves from each of two plants per treatment were sampled at the 
end of the 24-h cycle, on days 1,2,3,5, and 7 after inoculation. Two leaf disks excised from 
the middle leaflet of each leaf (total of 8 disks/treatment/sampling time) were prepared for 
microscopic observation, and conidial and appressorial numbers were quantified as described 
above. The experiment was repeated once. 
Survival experiments. Survival of C. acutatum on symptomless leaves was 
investigated using leaves remaining on inoculated plants that had been exposed to the 
wet/dry treatment regimes in the intermittent wetness experiment. At the end of the 7-day 
incubation period, plants were dried with fans and all inoculated leaves were tagged to 
distinguish them from newly emerging, non-inoculated leaves. The plants were then 
transferred to a greenhouse bench where they were maintained at 30±10°C and drip irrigated 
to prevent free moisture on leaves. In both runs of the experiment, one tagged leaf was 
sampled from each of four plants per treatment 1,2,4, 6, and 8 weeks after transfer to the 
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greenhouse bench. In the second run, leaves were also sampled on the day of transfer from 
the chambers to the greenhouse bench (week 0). Sampled leaves were bagged and frozen 
overnight in order to kill leaf tissue, then incubated for 7 days at 25°C and 100% relative 
humidity in moist chambers described above to induce acervular development by C. 
acutatum (28). The total number of acervuli on the middle leaflet of each leaf, counted using 
a dissecting microscope (10X), was divided by the leaflet area, measured using a leaf area 
meter (LI-COR, Model 3100, Lincoln, NE), to estimate the number of acervuli/cm2. 
Data analysis. Data were analyzed using the general linear model (GLM) procedure 
(SAS Institute, Cary, NC). Data from the temperature experiments were analyzed according 
to a randomized complete block design (RCBD) with two replications, using experiment as 
the random block effect. Data analysis was combined for the two runs of the intermittent 
wetness experiment based on homogeneous error variance. Data for each sampling day were 
analyzed as a RCBD with two replications. In both experiments, treatment effects were 
compared using the Duncan multiple range test. Area under the curve (AUC) values were 
calculated to compare conidial and appressorial populations over time. Survival on leaves 
was analyzed separately for each run of the experiment according to a RCBD with two 
replications. AUC values were calculated and compared using the Duncan multiple range 
test. Non-linear regression analysis was performed using SigmaPlot 2000 (SPSS, Chicago, 
IL) to determine the relationship between the number of acervuli formed on leaves after 
freezing and the number of appressoria on leaves on week 0 of the survival experiment (i.e. 
day 7 of intermittent wetness experiment). Statistical significance in all analyses was 
expressed at the P<0.05 threshold. 
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RESULTS 
Temperature experiments. C. acutatum conidia germinated, formed appressoria, 
and produced secondary conidia at all temperatures studied (Fig. 1). The timing and 
magnitude of these processes were, however, significantly affected by temperature. Six hours 
after inoculation, significantly more conidia had germinated at 20,25 and 30°C than at 10 
and 15°C (Fig. 1 A), but by 18 h there was no difference among temperatures (Fig. IB). After 
60 h, the number of germinated conidia tended to decrease with increasing temperature, 
probably due to cell lysis, and by 132 h after inoculation there were significantly fewer 
germinated conidia at 35°C than at <20°C (Fig. 1C). Conidia appeared unusually swollen and 
highly vacuolated at 35°C starting 12 h after inoculation. 
Temperature significantly influenced production of secondary conidia on the surface 
of symptomless leaves, as determined by the number of conidia observed with a secondary 
conidium attached to a conidial or hyphal phialide (19). Secondary conidiation was greatest 
at 25 and 30°C, and rare at 10°C, from 12 to 36 h after inoculation (Fig 1D-E). Twenty-four 
h after inoculation, significantly more secondary conidia were produced at 25 and 30°C than 
at any other temperature. Secondary conidiation was never detected before 12 h and was rare 
at sampling times > 60 h after inoculation (Fig. 1D-F). 
Production of secondary conidia increased the total number of conidia on the surface 
of symptomless leaves, particularly at 25 and 30°C, at which total conidia more than doubled 
during the experiment (Fig 1G-I). Although the number of germinated conidia began to 
decrease by 60 h, this decrease was counterbalanced by high numbers of ungerminated 
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conidia produced by secondary conidiation at these temperatures. For example, there were 
significantly more ungerminated conidia by 84 h after inoculation at 25°C than at any other 
temperature except 30°C (data not shown). 
Appressoria were produced over a broader optimum temperature range than 
secondary conidia (Fig 1J-L). Up to 12 h after inoculation, significantly fewer appressoria 
were observed at 10 and 35°C than at 20, 25, and 30°C (Fig. 1J), and starting 36 h after 
inoculation, there were significantly fewer appressoria at 35°C than at any other temperature 
(Fig 1K-L). By 132 h, significantly more appressoria had been produced at 15°C than at any 
other temperature except 20 and 25°C (Fig. 1L). 
Intermittent wetness. Conidial germination, secondary conidiation, and appressorial 
development were significantly affected by wet/dry treatment regime at 25°C. Conidial 
germination never occurred in the continuously dry treatment (Fig. 2A) and was never 
significantly different from zero on leaves that received 4 h wetness per day. The largest 
number of germinated conidia was observed 1 day after inoculation in all treatments with >8 
h wetness. At this time, there were significantly more germinated conidia on leaves incubated 
under continuous wetness, or 16 h wetness, than in the other treatments. The number of 
germinated conidia on the leaf surface then decreased over time, probably due to conidial 
lysis. Seven days after inoculation, there were significantly more germinated conidia under 
continuous wetness than in any other treatment. Overall, significantly more germinated 
conidia were observed on leaves incubated under continuous wetness than in any other 
treatment (Table 1). 
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Production of secondary conidia (Fig. 2B) was greatest 1 day after inoculation, and 
was significantly greater at this time on leaves incubated with >16 h of wetness than in any 
other treatment. Secondary conidia were not formed in treatments with <8 h of wetness. Five 
and 7 days after inoculation, secondary conidia were again produced in the continuous 
wetness treatment but less abundantly than on day 1. Overall, production of secondary 
conidia was significantly greater under continuous wetness than in treatments with <12 h 
wetness (Table 1). 
Total numbers of conidia on leaves decreased significantly between 1 and 5 days after 
inoculation except in the continuously dry treatment, where the number of conidia remained 
constant (Fig. 2C). The increase in total conidia observed 1 day after inoculation resulted 
from the peak in secondary conidiation observed at this time, particularly for the continuous 
wetness treatment. One day after inoculation, significantly more conidia were observed on 
leaves incubated under continuous wetness than in any other treatment. Seven days after 
inoculation, the total number of conidia was significantly greater under continuous wet or dry 
conditions than in other treatments. 
Appressorial production was significantly lower on leaves incubated with < 4 h 
wetness than in the other treatments, and did not differ significantly from zero (Fig. 2D). The 
number of appressoria tended to remain constant starting 1 day after inoculation, although 
they increased significantly between I and 5 days under continuous wetness and decreased 
significantly between 1 and 7 days with 8 h wetness. At each sampling time, appressorial 
populations increased significantly as daily wetness duration increased from 8 to 24 h for 
melanized appressoria (data not shown), and from 12 to 24 h for total appressoria. Overall, 
the number of appressoria increased significantly with increasing wetness duration (Table 1). 
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Appressorial melanization was also significantly affected by wetness duration. Melanization 
never occurred on appressoria formed with 4 h wetness and was reduced with 8 h wetness 
compared to treatments with longer wetness periods, in which >90% of appressoria became 
melanized (data not shown). 
Survival. The number of acervuli formed on leaves after a freezing and incubation 
treatment decreased with time after transfer of plants that were inoculated and incubated 
under different intermittent wetness regimes to the greenhouse bench (Fig 3). There were 
significantly more acervuli on leaves incubated under continuous wetness than on leaves 
from any other treatment in both runs of the experiment (Table 2). In the first run, acervular 
numbers were also significantly higher in the treatment with 16 h wetness than in those with 
shorter wetness durations (Table 2). At each sampling time, the number of acervuli formed 
on leaves was closely related (r~>O.95) to the number of appressoria on the leaves before 
freezing (Fig 4.). 
DISCUSSION 
This study indicated that temperature and the duration of intermittent wetness periods 
affect germination, secondary conidiation, and appressorial development of C. acutatum on 
strawberry leaves. The optimum temperature range of 20-30°C we observed for conidial 
germination is similar to that previously reported (24-28°C) for germination and mycelial 
growth rates of C. acutatum in culture (7,21,37,39), and for infection and sporulation on 
strawberry fruit (18,39). Others have reported reduced or no growth of C. acutatum on agar 
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at temperatures above 33°C (7,18,39) and attributed low incidence of strawberry fruit 
infection at 35°C to high pathogen mortality (39). In our study, higher incidence of conidial 
lysis at warmer temperatures may explain the decrease in conidial populations observed on 
leaves under continuous wetness, particularly at 35°C. Reports on the effects of wetness 
duration on C. acuiatum have been limited to studies on strawberry fruit (39) or in vitro (11). 
Fruit rot incidence increased with wetness duration (39), and germination on glass slides was 
greatly reduced when relative humidity was below 91% (11). In our study, conidial 
germination was also favored by increasing wetness duration, with severe inhibition 
occurring with < 4 h per day. 
We previously reported the production of secondary conidia by C. acutatum on 
symptomless strawberry leaves at 26°C during continuous wetness (19). Induction of 
secondary conidiation by other fungal species has been associated with high inoculum 
density (35,38), germination autoinhibitors (23,38), nutrient limitation (5,35,38), and high 
temperature stress (3,38). Temperature and wetness effects on secondary conidiation of C. 
acutatum had not been investigated previously. In our study, secondary conidiation was 
observed as soon as 12 h after conidial germination at 25 and 30°C, suggesting a potential for 
rapid inoculum increase on symptomless plants under favorable environmental conditions. 
The fact that most secondary conidiation was detected within 24 h after inoculation in both 
temperature and wetness experiments suggests that C. acutatum may lose its capacity to 
multiply in this manner after prolonged periods, possibly due to depletion of conidial energy 
reserves. However, secondary conidiation observed 5 and 7 days after inoculation on 
continuously wet leaves may have counterbalanced the effect of conidial lysis, and resulted 
in the increase in conidial populations observed at this time. We speculate that tertiary 
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conidia may have been produced by newly formed secondary conidia. The nutrient source for 
such multiplication is unclear, but previous studies with C. acutatum showed that the 
presence of the host was not required (19). 
Appressoria serve as infection (9,34) and survival (29,32,34) structures in 
Colletotrichum spp. Appressorial development by this group of fungi is affected by several 
factors including nutrient stress, host surface characteristics, phylloplane microorganisms, 
temperature, and light intensity (9,32). In our study, appressorial production was favored by 
cool temperatures and was severely impaired at 35°C. Similar results have been obtained on 
agar, where C. acutatum showed an optimum range for appressorial production at 20 to 25°C 
but lost the capacity to produce these structures at 30°C (21). As with germination and 
secondary conidiation, appressorial production and melanization increased with wetness 
duration, but in contrast to conidia, appressorial populations tended to remain stable over the 
course of the experiment. Appressorial melanization has been associated with protection 
against desiccation, UV light, temperature, and microbial activity (9,29). Intolerance of 
unmelanized appressoria to some of these factors may explain the decrease in appressorial 
numbers over time on leaves incubated with 8 h wetness, since a higher proportion of 
appressoria remained unmelanized in this treatment compared to those with longer wetness 
durations. 
The broad temperature and wetness tolerance of appressorial production by C. 
acutatum suggests it is well adapted to survival on strawberry leaves under conditions that 
are suboptimal for conidial germination and multiplication. More rapid appressorial 
production at 20 to 30°C compared to other temperatures may, however, indicate a 
competitive advantage for survival when optimum conditions for germination and secondary 
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conidiation are present only for short periods. The increase in appressoria observed between 
1 and 5 days after inoculation at 25°C under continuous wetness, and the higher numbers of 
germinated conidia 7 days after inoculation in this treatment compared to those with <16 h 
wetness, suggest that the secondary conidia were viable. 
In our study, C. acutatum survived for up to 8 weeks on strawberry leaves under dry 
greenhouse conditions. In a similar study (12), this fungus survived for over 3 months on 
symptomless foliage of strawberry and non-host plants. C. acutatum was also shown to 
survive for up to 6 months on mummified strawberry fruit (40), 9 months in soil (7), and 2 
years on pine debris (30). Survival of the fungus on strawberry and other hosts may occur as 
melanized appressoria (2,30,34), conidia (12,31), or quiescent infections (12). The strong 
relationship between appressoria and acervuli on leaves in our experiments suggests that C. 
acutatum survived dry conditions primarily as appressoria. Although the number of acervuli 
decreased rapidly over time, even the lowest acervular densities observed in our study might 
represent substantial inoculum levels since each acervulus contains many conidia. 
Multiplication of C. acutatum on symptomless foliage prior to appearance of fruit rot 
or other symptoms may set the stage for epidemics that occur in strawberry production fields. 
Early suppression of fungal multiplication may therefore delay the onset of epidemics and 
reduce disease levels. For example, reduction of C. acutatum inoculum on transplant foliage 
may possibly contribute to the effectiveness of fungicide dips used in Israel to control 
strawberry anthracnose (14). Although most evidence for the role of symptomless foliage as 
a source of inoculum for strawberry anthracnose originates from controlled environment 
studies (12,19), symptomless leaves provided sufficient inoculum to initiate fruit rot 
development in preliminary field trials (Wise and Leandro, unpublished data). These 
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preliminary results corroborate the relevance of our findings to the behavior of C. acutatum 
under field conditions. 
This report provides strong evidence that C. acutatum can become established, 
persist, and produce inoculum on symptomless strawberry leaves under a range of 
temperatures and intermittent wetness periods. In addition to our previous work at 26°C 
under continuous wetness (19), we have now shown that secondary conidia and appressoria 
may be produced under environmental conditions typical of many temperate strawberry-
producing areas in the world. Survival of C. acutatum on strawberry leaves has implications 
for long-distance dissemination on transplants, as well as proliferation and dissemination of 
the fungus within production fields. Furthermore, asymptomatic foliage of other plant 
species, including weeds, have been recently suggested as additional inoculum sources for C. 
acutatum ( 12). The ecological behavior of C. acutatum on symptomless foliage, as well as 
the environmental conditions that affect it, should therefore be considered when developing 
management practices for strawberry anthracnose. 
ACKNOWLEDGMENTS 
This research was partially funded by grants from the North American Strawberry 
Growers Association and the Leopold Center for Sustainable Agriculture, as well as a Praxis 
XXI scholarship to the senior author from the Fundaçâo para a Ciência e Tecnologia, 
Portugal. We thank Mr. Ron Sakuma, Norcal Inc., for generously supplying strawberry 
plants for our experiments. 
70 
LITERATURE CITED 
1. Adaskaveg, J. E. and Hartin, R. J. 1997. Characterization of Colletotrichum acutatum 
isolates causing anthracnose of almond and peach in California. Phytopathology 
87:979-987. 
2. Agostini, J. P. and Timmer, L. W. 1994. Population dynamics and survival of strains 
of Colletotrichum gloeosporioides on citrus in Florida. Phytopathology 84:420-425. 
3. Anderson, J. G. and Smith, J. E. 1971. The production of conidiophores and conidia 
by newly germinated conidia of Aspergillus niger (microcycle conidiation). J. Gen. 
Microbiol. 69:185-197. 
4. Barker, I., Brewer, G„ Cook, R.T.A., Crossley, S., and Freeman, S. 1994. Strawberry 
blackspot disease (Colletotrichum acutatum). Pages 179-182 in: Modern assays for 
plant pathogenic fungi: Identification, detection and quantification. Schots, A., 
Dewey, F. M., and Oliver, R., eds. CAB International, Wallingford, U.K. 
5. Boosalis, M. G. 1962. Precocious sporulation and longevity of conidia of 
Helminthosporium sativum in soil. Phytopathology 52:1172-1177. 
6. Dhingra, O.D. and Sinclair, J. B. 1985. Basic Plant Pathology Methods. CRC Press, 
Inc., Boca Raton, FL. pp 259. 
7. Eastbum, D. M. and Gubler, W. D. 1990. Strawberry anthracnose: detection and 
survival of Colletotrichum acutatum in soil. Plant Dis. 74:161-163. 
8. Eastbum, D. M. and Gubler, W. D. 1992. Effects of soil moisture and temperature on 
the survival of Colletotrichum acutatum. Plant Dis. 76:841-842. 
71 
9. Emmett, R. W. and Parbery, D. G. 1975. Appressoria. Annual Review of 
Phytopathology 13:147-167. 
10. European and Mediterranean Plant Protection Organization. 1994. Certification 
scheme: pathogen-tested strawberry. EPPO Bulletin 24:875-889. 
11. Fernando, T. H. P. S., Jayasinghe, C. K., and Wijesundera, R. L. C. 1999. Factors 
affecting spore production, germination and viability of Colletotrichum acutatum 
isolates from Hevea brasiliensis. Mycol. Res. 104:681-685. 
12. Freeman, S., Horowitz, S., and Sharon, A. 2001. Pathogenic and nonpathogenic 
lifestyles in Colletotrichum acutatum from strawberry and other plants. 
Phytopathology 91:986-992 
13. Freeman, S. and Katan, T. 1997. Identification of Colletotrichum species responsible 
for anthracnose and root necrosis of strawberry in Israel. Phytopathology 87:516-521. 
14. Freeman, S., Nizani.Y., Dotan, S„ Even, S., and Sando, T. 1997. Control of 
Colletotrichum acutatum in strawberry under laboratory, greenhouse and field 
conditions. Plant Dis. 81:749-752. 
15. Hartman, J. 2001. Anthracnose of greenhouse and outdoor strawberries. Kentucky 
Pest News 908:5-6. 
16. Howard, C. M., Chandler, C.K., and Albregts, E.E. 1991. Strawberry anthracnose in 
Florida. Pages 219-220 in: The Strawberry into the 21st Century: Proc. North Am. 
Strawberry Conf., 3rd Ed. A. Dale and J. Luby, eds. Timber Press, Portland. 
17. Howard, C. M., Maas, J. L., Chandler, C. K., and Albregts, E. E. 1992. Anthracnose 
of strawberry caused by the Colletotrichum complex in Florida. Plant Dis. 76:976-
981. 
18. King, W. T., Madden, L. V., Ellis, M. A., and Wilson, L. L. 1997. Effects of 
temperature on sporulation and latent period of Colletotrichum spp. infecting 
strawberry fruit. Plant Dis. 81:77-84. 
19. Leandro, L. F. S., Gleason, M. L., Nutter, F. W. Jr., Wegulo, S. N., and Dixon, P. M. 
2001. Germination and sporulation of Colletotrichum acutatum on symptomless 
strawberry leaves. Phytopathology 91:659-664. 
20. Leandro, L.F.S., Gleason, M.L., Wegulo, S.N., and Nutter, F.W.Jr. 2001. 
Environmental factors affecting germination and sporulation of Colletotrichum 
acutatum on symptomless strawberry leaves. (Abstr.) Phytopathology 91 
(suppl.):S53. 
21. Lee, D.H. 1993. Effect of temperature on the conidium germination and appressorium 
formation of Colletotricum acutatum, C. dematium and C. gloeosporioides. (Abstr.) 
Korean J. Mycol. 21:224-229. 
22. Legard, D. E. 2000. Colletotrichum diseases of strawberry in Florida. Pages 292-299 
in: Colletotrichum: Host Specificity, Pathology and Host-Pathogen Interaction. D. 
Prusky, D. Freeman, and M.B. Dickman, eds. The American Phytopathological 
Society, St. Paul, Minnesota. 
23. Lingappa, B. T. and Lingappa, Y. 1969. Role of auto-inhibitors on mycelial growth 
and dimorphism of Glomerella cingulata. J. Gen. Microbiol. 56:35-45. 
24. Maas, J. L. and Palm, M. E. 1997. Occurrence of anthracnose irregular leaf spot, 
caused by Colletotrichum acutatum, on strawberry in Maryland. Adv. Strawberry 
Res. 16:68-70. 
73 
25. Madden, L. V., Wilson, L. L., and Ellis, M. A. 1993. Field spread of anthracnose fruit 
rot of strawberry in relation to ground cover and ambient weather conditions. Plant 
Dis. 77:861-866. 
26. Madden, L. V., Wilson, L. L., Yang, X., and Ellis, M. A. 1992. Splash dispersal of 
Colletotrichum acutatum and Phytophtora cactorum by short-duration simulated 
rains. Plant Pathology 41:427-436. 
27. Madden, L. V., Yang, X., and Wilson, L. L. 1996. Effects of rain intensity on splash 
dispersal of Colletotrichum acutatum. Phytopathology 86:864-874. 
28. Mertely, J.C. and Legard, D.E. 2000. A freezing technique to detect latent infections 
of Colletotrichum spp. on strawberry. (Abstr.) Phytopathology 90 (suppl.):S53. 
29. Muirhead, I. F. 1998. The role of appressorial dormancy in latent infection. Pages 
155-167 in: Microbial Ecology of the Phylloplane. J.P. Blakeman, ed. Academic 
Press, New York. 
30. Nair, J., Newhook, F. J., and Corbin, J. B. 1983. Survival of Colletotrichum acutatum 
f. sp.pinea in soil and pine debris. Trans. Br. Mycol. Soc. 81:53-63. 
31. Norman, D. J. and Strandberg, O. J. 1997. Survival of Colletotrichum acutatum in 
soil and plant debris of leatherleaf fern. Plant Dis. 81:1177-1180. 
32. Parbery, D. G. 1981. Biology of anthracnoses on leaf surfaces. Pages 135-154 in: 
Microbial Ecology of the Phylloplane. Blakeman, J. P., ed. Academic Press, New 
York. 
33. Peterson, R. A. 1977. Green leaves as a source of inoculum for anthracnose fungi, 
with special reference to Colletotrichum acutatum on strawberry. MS Thesis, 
University of Queensland. 
34. Prusky, D. and Plumbley, R.A. 1992. Quiescent infections of Colletotrichum in 
tropical and subtropical fruits. Pages 289-307 in: Colletotrichum: Biology, Pathology 
and Control. J.A. Bailey and M.J. Jeger, eds. CAB International, Wallingford, U.K. 
35. S lade, S. J., Harris, R. F., Smith, C. S., and Andrews, J. H. 1987. Microcyclic 
conidiation and spore-carrying capacity of Colletotrichum gloeosporoides on solid 
media. App. Environ. Microbiol. 53:2106-2110. 
36. Smith, B. J. 1998. Anthracnose fruit rot (black spot). Pages 31-33 in: Compendium of 
Strawberry Diseases. 2nd ed. J.L. Maas, ed. The American Phytopathological 
Society, St. Paul, Minnesota. 
37. Smith, B. J. and Black, L. L. 1990. Morphological, cultural and pathogenic variation 
among Colletotrichum species isolated from strawberry. Plant Dis. 74:69-76. 
38. Smith, J. E., Anderson, J.G., Deans, S.G., and Berry, D R. 1981. Biochemistry of 
microcycle conidiation. Pages 329-356 in: Biology of Conidial Fungi, Vol.2. G.T. 
Cole and B. Kendrick, eds. Academic Press, New York. 
39. Wilson, L. L., Madden, L. V., and Ellis, M. A. 1990. Influence of temperature and 
wetness duration on infection of immature and mature strawberry fruit by 
Colletotrichum acutatum. Phytopathology 80:111-116. 
40. Wilson, L. L., Madden, L. V., and Ellis, M. A. 1992. Overwinter survival of 
Colletotrichum acutatum in infected strawberry fruit in Ohio. Plant Dis. 76:948-950. 
41. Yang, X., Madden, L. V., Wilson, L. L., and Ellis, M. A. 1990. Effects of surface 
topography and rain intensity on splash dispersal of Colletotrichum acutatum. 
Phytopathology 80:1115-1120. 
75 
Yang, X., Wilson, L. L., Madden, L. V., and Ellis, M. A. 1990. Rain splash dispersal 
of Colletotrichum acutatum from infected strawberry fruit. Phytopathology 80:590-
595. 
76 
Table 1. Conidia and appressoria of Colletotrichum acutatum on the surface of strawberry leaves 
incubated for 7 days at 25°C under different wet/dry treatment regimes. Values shown are mean 
area under the curve (AUC) averaged over both runs of the experiment. 
Conidia (mm'2) Appressoria (mm ") 
Treatment 
Germinated With secondary 
conidia Total Meianized Total 
Oh wet / 24h dry 0.0 c 0.0 b 245.7 a 0.0 d 0.0 d 
4h wet / 20h dry 17.8 c 0.0 b 211.7 ab 0.0 d 8.4 d 
8h wet /16h dry 89.1 b 0.1 b 208.9 ab 31.7 d 78.8 c 
12h wet /12h dry 81.4b 0.4 ab 159.0 b 89.7 c 117.1 c 
16h wet / 8h dry 101.1 b 1.4 ab 175.6 b 199.4 b 219.5 b 
24h wet / Oh dry 152.8 a 1.8 a 252.2 a 382.8 a 390.2 a 
Values followed by the same letter within columns are not significantly (P>0.05) different 
according to the Duncan multiple range test. 
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Table 2. Survival of Colletotrichum acutatum on strawberry leaves incubated at 
25°C under different wet/dry treatment regimes for 7 days, then maintained under 
dry conditions on a greenhouse bench during 8 weeks. At each sampling time, 
leaves were frozen and incubated at 25°C and 100% relative humidity to induce 
acervular development. Values shown are area under the curve (AUC) for acervuli 
formed on leaves over the survival period. 
Acervuli (cm-2) 
Treatment 
Run 1 Run 2 
Oh wet / 24h dry 0.0 c 0.0 b 
4h wet / 20h dry 0.0 c 0.0 b 
8h wet / 16h dry 0.8 c 0.9 b 
12h wet / 12h dry 4.4 c 23.7 b 
16h wet / 8h dry 14.8 b 62.2 b 
24h wet / Oh dry 44.8 a 336.6 a 
Values followed by the same letter within columns are not significantly (P>0.05) 
different according to the Duncan multiple range test. 
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Figure 1. Conidial and appressorial populations of Colletotrichum acutatum on 
strawberry leaves incubated at 10 to 35°C under continuous wetness. A-C, germinated 
conidia; D-F, conidia producing secondary conidia; G-F, total conidia; and J-L, total 
appressoria. Data averaged over both runs of the experiment. 
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Figure 2. Conidial and appressorial populations of Colletotrichum acutatum on 
strawberry leaves incubated at 25°C and different wet/dry treatment regimes. A, 
germinated conidia; B, conidia producing secondary conidia; C, total conidia, and D, 
total appressoria. Data averaged over both runs of the experiment. 
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Figure 3. Number of acervuli formed by Colletotrichum acutatum on inoculated 
strawberry leaves incubated at 25°C and six different wet/dry treatment regimes for 7 
days, then maintained in the greenhouse under dry conditions for a period of 8 weeks. At 
each sampling time, leaves (n=4) were frozen and incubated at 25°C and 100% relative 
humidity to induce acervular development. Data shown are for the second run of the 
experiment. 
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Figure 4. Exponential relationship between the number of appressoria of Colletotrichum 
acutatum on strawberry leaves at the start of an 8-week survival period, and the number of 
acervuli induced to form on leaves by freezing and incubating at 25°C and 100% relative 
humidity, for each sampling time. During the survival period the plants were maintained in 
the greenhouse under dry conditions. Appressoria were counted on leaves at the end of a 7-
day incubation period at 25°C under six different wet/dry treatment regimes. Data shown are 
for the second run of the experiment. 
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CHAPTER 4. STRAWBERRY PLANT EXTRACTS STIMULATE SECONDARY 
CONIDIATION BY COLLETOTRICHUM ACUTATUM ON SYMPTOMLESS 
LEAVES1 
A paper to be submitted to the journal Phytopathology 
L.F.S. Leandro3, M L. Gleason3, F.W. Nutter, Jr.3, S.N. Wegulo3, and P.M. Dixonb 
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ABSTRACT 
Conidial suspensions of Colletotrichum acutatum were prepared in 1:27, 1:45, and 
1:81 (w/v) dilutions of an extract of strawberry (cv. Tristar) flowers and leaves in water. 
Strawberry leaves and plastic cover slips were spray-inoculated with the suspensions, and 
incubated at 25°C and continuous wetness for 48 h. In another experiment, leaves and cover 
slips were inoculated with a conidial suspension in water, incubated for 72 h, and placed in a 
growth chamber for up to 6 weeks. The leaves and cover slips were then sprayed with flower 
'Journal Paper No. XXXXXXXX of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa, Project No. 5 and 3394, and supported by Hatch Act and State funds. 
Portion of Ph.D. research by Leonor Leandro. 
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extracts, leaf extracts, or water and incubated for 48 h at 25°C and continuous wetness, after 
which conidial and appressorial populations were quantified. Flower extracts significantly (P 
< 0.05) increased the number of conidia on leaves and cover slips compared to water, both 
when conidia were applied with the extracts and when the extracts were applied to C. 
acutatum populations exposed to dryness for up to 2 weeks. Application of flower extracts 
resulted in up to 10- and 16-fold increases in conidia on leaves and on cover slips, 
respectively. Conidial populations increased to a greater extent when exposed to flower 
extracts than leaf extracts. Appressorial production was not significantly affected by flower 
or leaf extracts. Our results suggest that inoculum levels of C. acutatum on foliage may 
increase during flowering of strawberry plants. 
Additional keywords: strawberry anthracnose, phyllosphere ecology, secondary conidiation 
The anthracnose pathogen, Colletotrichum acutatum J.H. Simmonds, is a serious 
threat to strawberry production worldwide (6,16,27). All strawberry plant parts are 
susceptible to infection (8,12,27), although fruit rot is particularly damaging in production 
fields, where yield losses can be severe (11,16,27,33). Anthracnose development in 
strawberry nurseries not only reduces daughter plant production (6,28) but also has serious 
consequences for pathogen dissemination on contaminated transplants (5,6,8,9). Once C. 
acutatum is introduced into production fields, disease outbreaks can be very difficult to 
manage because available disease management tactics are only partially effective (12,16,27). 
The use of pathogen-free propagation material is therefore highly desirable (16,17,27) but is 
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difficult to implement due to the lack of adequate detection and certification schemes for C. 
acutatum on symptomless plants (16,27). 
Epiphytic behavior of C. acutatum on symptomless foliage may be important in the 
strawberry anthracnose disease cycle (7,13,23). C. acutatum has recently been shown to 
produce secondary conidia on strawberry leaves in the absence of symptom development 
(13), and to persist on symptomless foliage of strawberry (7,13,34) and weeds (7) for several 
weeks. Symptomless leaves may therefore serve as an inoculum source for strawberry 
anthracnose (7,13). Similarly, symptomless foliage of tomato (20) and citrus (1,30) has been 
reported to provide inoculum for diseases caused by C. phomoides and C. acutatum, 
respectively. 
The behavior of Colletotrichum spp. on plant surfaces may be affected by several 
factors, including the presence of host exudates (10,22,25). On citrus, flower extracts play an 
important role in post-bloom fruit drop caused by C. acutatum (1,30,35). Water soluble 
flower extracts stimulate appressoria surviving on the leaf surface to germinate and produce 
secondary conidia without development of typical lesions or fruiting structures. These 
conidia then serve as initial inoculum for citrus flower infections (1,30). The potential for C. 
acutatum to produce secondary conidia on symptomless strawberry leaves has been 
characterized under a range of temperatures and intermittent wetness regimes (13,14). 
However, it is not known if flower extracts can stimulate inoculum production by C. 
acutatum on strawberry foliage (1,30). A better understanding of C. acutatum behavior in the 
presence of plant extracts may shed light on the role of symptomless foliage as a source of 
inoculum for strawberry anthracnose. 
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The objective of this study was to determine the effects of strawberry plant extracts 
on the germination, appressorial development, and secondary conidiation of C. acutatum on 
strawberry leaves. A preliminary report has been published (15). 
MATERIALS AND METHODS 
Plant production and maintenance. Day neutral strawberry crowns (cv. Tristar) 
were planted in 15-cm-diameter plastic pots containing a 1:2:1 mixture of peat, perlite, and 
soil, and grown in a greenhouse maintained at 25±10°C with a 16-h photoperiod. The plants 
were drip irrigated and fertilized with a solution of a 21-5-20 fertilizer (Miracle Gro Excel, 
400 ppm N) as needed. Fully opened strawberry flowers were collected during the week prior 
to extract preparation and stored in the refrigerator until use. Healthy, mature strawberry 
leaves were collected and used for extract preparation on the same day. 
Inoculum production. Cultures of C. acutatum isolate HF-ac-98, obtained from 
strawberry fruit in Iowa (13), were started by depositing infested silica gel crystals on potato 
dextrose agar (PDA) plates and culturing at 25°C in darkness for 5 to 7 days. Conidia 
collected from the PDA cultures were spread onto strawberry fruit agar (SFA) (13) and 
incubated for 7 days at 25°C in darkness. 
Extract preparation. Concentrated flower extract (1:9 w/v) was prepared by 
grinding 7 g of petals, pistils, and stamens (sepals and peduncles were discarded) in 63 ml of 
sterile deionized water (SDW) using a mortar and pestle. The resulting flower pulp was 
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poured through four layers of sterile cheesecloth into a flask, and the filtrate was centrifuged 
at 10,000 rpm (12,100 x g) for 5 minutes. The supernatant was vacuum-filtered through no.l 
filter paper (Whatman, Maidenstone, UK) to remove larger particles, then filter-sterilized 
through a 0.45-nm-diameter millipore membrane (Fisherbrand, Pittsburgh, PA). 
Concentrated leaf extract (1:9 w/v) was prepared by macerating 16 g of leaves, without 
petioles, in 144 ml SDW for 1 min in a blender. The leaf pulp was passed through 
cheesecloth, centrifuged, and vacuum-filtered as described for the flower extract. 
Germination of conidia in flower and leaf extracts. Conidial suspensions of C. 
acutatum were prepared by flooding SFA culture plates with 5 ml of SDW, scraping with a 
rubber policeman to dislodge conidia, and filtering the resulting suspension through two 
layers of cheesecloth into a flask. The conidial concentration of the suspension was then 
calculated using a hemacytometer. One part of concentrated (1:9 w/v) flower or leaf extract 
was added to 2, 4 and 8 parts (v/v) of a mixture of equal volumes of conidial suspension and 
SDW to make up the desired volume, resulting in final extract dilutions of 1:27, 1:45 and 
1:81 (w/v), each with 5x10* conidia ml"1. In addition, a 5 x 105 conidia ml*1 suspension was 
prepared in SDW as a control. 
The experiment consisted of seven treatments (conidial suspensions in water, 3 flower 
extract dilutions, and 3 leaf extract dilutions) and three sampling times (0, 24, and 48 h after 
inoculation), and followed a randomized complete block design with to replications. Six 
strawberry plants, each with two 7- to 14-day-old tagged leaves, and six petri dishes, each 
containing four plastic cover slips on moistened filter paper, were arbitrarily assigned to each 
treatment, and spray-inoculated with the corresponding conidial suspension using an 
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atomizer (DeVilbiss Air Compressor, 571 Series, Somerset, PA). Two plants and two petri 
dishes per treatment were sampled immediately after inoculation (0 h) to estimate initial 
conidial populations applied in each treatment. The remaining petri dishes and plants were 
incubated in dew chambers at 25°C in darkness, according to a RCBD with two blocks. Two 
plants and two petri dishes per treatment were removed from the chambers at 24 and 48 h 
after inoculation. 
Leaves and cover slips sampled at each time were allowed to dry before preparation 
for microscopic observation. Two leaf disks were excised from each of the two tagged leaves 
per plant using a 1-cm-diameter cork borer. Each leaf disk was mounted on a drop of Hoyer's 
medium, stained with a drop of aniline blue in lactophenol, and a glass cover slip was placed 
on top. Inoculated plastic cover slips were placed directly on a drop of aniline blue, with the 
inoculated side facing downwards. A total of 8 leaf disks (2 disks x 2 leaves x 2 plants) and 8 
cover slips (4 cover slips x 2 petri dishes) were prepared per treatment at each sampling time. 
The number of non-germinated and germinated conidia, and the number of appressoria were 
counted on 16 microscope fields (400x) per leaf disk and cover slip. A conidium was 
considered germinated when it had formed either a germ tube at least as long as its width, an 
appressorium, or a conidial phialide. An appressorium was defined as a globose, septum-
delimited structure formed either on a hyphal tip or sessile to a conidium. Propagules per unit 
area (mm2) were obtained by the dividing total number of conidia or appressoria counted in 
each leaf disk or cover slip by the area of 16 microscope fields. The experiment was repeated 
twice. 
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Extract effects on established C. acutatum populations. The experiment consisted 
of five treatments (water, Fl:27 and Fl:81 flower extracts, and Ll:27 and Ll:81 leaf 
extracts) and five extract application times (after 0, 1, 2,4 and 6 weeks in a growth chamber), 
and followed a split-plot design with two blocks, using time as the main-plot effect and 
treatment as the split-plot effect. Ten strawberry plants, each with two 7- to 14-day-old 
tagged leaves, and ten petri dishes, each containing four cover slips on moistened filter paper, 
were arbitrarily assigned to each time, and two plants and petri dishes were arbitrarily 
assigned to a treatment within each time. Two additional plants and petri dishes per time 
were assigned to a pre-treatment assessment of C. acutatum populations to determine 
conidial and appressorial populations present at each time before application of water or 
plant extracts. 
A 5xl03 conidia ml"1 suspension of C. acutatum was prepared by flooding SFA 
culture plates with 5 ml of SDW, scraping with a rubber policeman to dislodge conidia, and 
filtering the resulting suspension through two layers of cheesecloth into a flask. This 
suspension was spray-inoculated onto leaves and cover slips with an atomizer as described 
above. Inoculated material was incubated for 72 h in dew chambers (100% RH) at 25°C in 
darkness, then transferred to a growth chamber at 25°C with a 12-h photoperiod after air-
drying with fans. Leaves and cover slips remained in the growth chamber for 0 to 6 weeks in 
order to expose C. acutatum populations to dryness before application of plant extracts or 
water. No free water was formed on leaves or cover slips in the growth chamber (RH ranged 
from 35 to 50%). 
Flower and leaf extract dilutions of 1:27 and 1:81 (w/v) in water were prepared by 
adding 1 part concentrated (1:9 w/v) extract, prepared as described above, to 2 and 8 parts 
SDW, respectively. These extracts were prepared at the beginning of the experiment and kept 
frozen in vials until needed for application. After exposure to each dry period (0, 1,2,4 and 
6 weeks), two plants and two petri dishes per treatment were removed from the growth 
chamber, sprayed with plant extract or water, and immediately placed in a dew chamber at 
25°C and 100% RH for 48 h. Leaves and cover slips were then allowed to dry, then prepared 
for microscopic observation as described above. For each dry period treatment, the two 
plants and petri dishes assigned to a pre-treatment assessment of C. acutatum populations 
were removed from the growth chamber and immediately prepared for microscopic 
observation without application of water or plant extracts or further incubation. Conidial and 
appressorial populations were quantified as above and the experiment was repeated once. 
Data analysis. The experimental design used for the effects of plant extracts on 
conidial germination was a randomized complete block design (RCBD) with six replications, 
considering block as a replication. However, due to experimental mishaps only four 
replications were used in the analysis. Data on effect of extracts on established C. acutatum 
populations were analyzed as a split-plot with four replications, using time as the main-plot 
effect and treatment as the split-plot effect, and considering block as a replication. Data for 
pre-treatment C. acutatum populations at each time were not included in this analysis. In both 
experiments, data were analyzed using the GLM procedure of SAS (SAS Institute, Cary, NC) 
and treatment effects were compared using Fisher's least significant difference test (LSD). 
Statistical significance was expressed at the P = 0.05 threshold level. 
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RESULTS 
Germination of conidia in flower and leaf extracts. Strawberry flower and leaf 
extracts significantly affected conidial populations of C. acutatum when conidia were applied 
to leaves and cover slips as suspension in the extracts. The number of conidia applied at 
inoculation (0 h) did not differ significantly among treatments on each substrate (Fig. 1 A). 
After 24 h, there were significantly more conidia on leaves in any of the flower extract 
treatments than in water, and conidial numbers were significantly higher in the most 
concentrated flower extract than in the other dilutions (Fig. 1 A). Numbers of conidia 
increased 10-fold within 24 h after inoculation in the most concentrated flower extract, and 
6- to 7-fold in the more dilute flower extracts (Fig. I A). Conidial numbers on leaves were 
significantly higher in the presence of leaf extracts than in water for the two most 
concentrated dilutions but did not differ significantly among the three dilutions (Fig. 1 A). 
Conidia increased about 7- and 4-fold in most concentrated and intermediate leaf extract 
dilutions, respectively, within 24 h after inoculation (Fig. 1 A). 
The number of germinated conidia on leaves did not differ among treatments and 
ranged from 9 to 15 conidia/mm2. As with total conidia, the number of non-germinated 
conidia were significantly higher in the flower extract treatments than in water and increased 
significantly with increasing extract concentration. There were no significant treatment 
effects on the number of appressoria formed by C. acutatum on leaves (Fig.l A). Treatment 
differences observed on leaves 48 h after inoculation (data not shown) were similar to those 
at 24 h. 
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Extract effects on conidial and appressorial numbers on cover slips (Fig. IB) were 
similar to those on leaves. Twenty-four h after inoculation, conidial numbers on cover slips 
were significantly higher in flower extracts than in water, and were significantly higher in the 
most concentrated extract than in the more dilute extracts (Fig. IB). Conidial numbers 
increased 16-fold between 0 and 24 h after inoculation in the most concentrated flower 
extract, and 9- to 10-fold in the more dilute flower extracts. The two most concentrated leaf 
extracts significantly increased the total number of conidia compared to water, but there were 
no differences among leaf extract dilutions (Fig. IB). The increase in conidial numbers 
caused by leaf extracts was not as pronounced as with flower extracts. The number of 
appressoria formed on cover slips did not differ among treatments at either sampling time 
(Fig. IB). Treatment differences observed on cover slips 48 h after inoculation (data not 
shown) were similar to those at 24 h. 
Extract effects on established C. acutatum populations. Application of flower 
extracts to C. acutatum populations exposed to different durations of dry conditions 
significantly affected the total conidial numbers on leaves and cover slips (Fig. 2). There 
were significantly more conidia on leaves treated with the most concentrated flower extract 
than in any other treatment after exposure to 0 or I week of dryness (Fig. 2A). Leaf extracts 
did not affect the number of conidia on leaves compared to the water control (Fig. 2A). On 
cover slips, both flower extract dilutions significantly increased conidial numbers compared 
to the water control after exposures of 0,1 or 2 weeks of dryness (Fig 2B). Flower extract 
dilutions differed significantly in their capacity to stimulate secondary conidiation on cover 
slips after 0 or 2 weeks of dryness (Fig. 2B). Application of leaf extracts significantly 
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increased the number of conidia compared to the water control after 0 and 2 weeks of 
dryness, but this effect was less pronounced than with flower extracts (Fig. 2B). Conidial 
populations prior to application of extracts tended to decrease over time on leaves, but not on 
cover slips (Fig. 2). 
The number of germinated conidia did not differ among treatments at each time on 
either leaves or cover slips, except in week 0 when the number of germinated conidia on 
cover slips was significantly lower in the water control than in any other treatment (data not 
shown). The maximum number of germinated conidia/mm2 observed at any time was 5.5 on 
leaves and 45 on cover slips. Flower extract effects on conidial numbers became less 
pronounced with increasing dryness exposure, particularly on leaves where conidial 
populations tended to decrease over time in all treatments (Fig. 2). 
The number of appressoria formed on both leaves and cover slips did not differ 
significantly among treatments at each time and did not tend to increase or decrease over 
time (Fig. 3). Pre-treatment appressorial populations also tended to remain stable over time 
(Fig 3). More appressoria were produced per conidium on leaves than on cover slips, as 
indicated by pre-treatment ratios of appressoria per conidium that ranged from 1 to 4 on 
leaves but from 0.2 to 0.3 on cover slips (Figs. 2 and 3). 
DISCUSSION 
This study has shown that inoculum production by C. acutatum on symptomless 
leaves can be strongly stimulated by strawberry flower extracts. Secondary conidiation was 
stimulated by flower extracts both when conidia were germinated in the extracts and when C. 
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acutatum populations exposed to dryness for up to 2 weeks were treated with extracts. A 
similar stimulation occurs on citrus, where flower extracts induce C. acutatum appressoria to 
germinate and produce conidia on leaf surfaces (1,30,35). In our study, secondary conidia 
remained non-germinated on leaf or cover slip surfaces as indicated by the lack of significant 
extract effects on the number of germinated conidia, and the small proportion of conidia that 
were germinated. The fact that flower extracts stimulated secondary conidiation on both 
leaves and cover slips indicates that this stimulation does not depend on leaf surface 
characteristics, and that host infection is not required. 
C. acutatum conidia typically germinate by forming germ tubes and appressoria 
(13,22). However, conidia can also germinate by forming conidial phialides, specialized 
conidiogenous structures, that allow the production of secondary conidia without extensive 
mycelial growth (13,22,29). We recently reported that C. acutatum can produce secondary 
conidia on symptomless strawberry leaves under a range of temperatures and intermittent 
wetness periods, resulting in up to 3-fold increases in conidial populations on the leaf surface 
(13,14). In this study, conidial populations increased by up to 10-fold on strawberry leaves 
when germination occurred in the presence of strawberry flower extracts. This suggests that 
non-germinated conidia exposed to flower extracts have a greater capacity to produce 
secondary inoculum on strawberry leaves than conidia germinating in water. The stimulatory 
effects of flower extracts on C. acutatum multiplication were even more pronounced on 
cover slips, where conidial populations increased by up to 16-fold. Nutrients and 
microorganisms on leaves may have attenuated the effects of the extracts on leaves compared 
to cover slips (3,21,22). Nutrient deficiency, for example, has been associated with induction 
of secondary conidiation by fungi such as Helminthosporium sativum (4) and C. 
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gloeosporoides (26) in response to inhibition of hyphal development (26,29). A stronger 
effect of nutrients in vitro than on host surfaces was also noticed by Parbery and Blakeman 
(22) and by Behm (3) in germination studies with C. acutatum. 
Appressorial production by fungi is affected by several factors including the presence 
of host exudates (10,22). Production of appressoria by C. piperatum, for example, was 
induced by extracts from red pepper fruit but not from leaves, stems or green fruit, and was 
shown to depend on the quality and quantity of nutrients present in the extracts (10). In our 
study, however, appressorial production by C. acutatum occurred on both leaves and cover 
slips, and was never significantly affected by strawberry flower or leaf extracts. These results 
suggest that nutrients present in these extracts do not affect appressorial production by C. 
acutatum and that the presence of the host surface is not required. However, the higher 
proportion of appressoria formed per conidium on leaves compared to cover slips suggests 
that some component of the host stimulates the development of these structures. Zulfiqar et 
al. (35) reported that C. acutatum appressoria surviving on citrus leaves can be induced to 
germinate and produce secondary conidia by flower extracts, but appressorial germination 
was not apparent in our study. Production of secondary conidia was observed on conidial 
phialides and on phialides branching from short hyphae, but it was not clear if these phialides 
originated from germinated conidia or appressoria. 
The ability of flower extracts to stimulate C. acutatum conidiation decreased with 
increasing duration of dry periods, possibly due to increased fungal mortality over time. In 
fact, C. acutatum conidial populations on leaves tended to decrease over time independently 
of extract or water application, as indicated by pre-treatment counts of conidia. The fact that 
pre-treatment conidial populations on cover slips did not change over time suggests that 
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conidial lysis might have been caused by microorganisms present on leaf surfaces (21). 
Persistence of appressoria on leaves and cover slips both before and after application of 
treatments is consistent with their role as survival structures (18,21). The fact that C. 
acutatum could be stimulated to multiply on cover slips even after 2 weeks of exposure to 
dry conditions is a clear indication of the durability of C. acutatum propagules and 
demonstrates that survival does not depend on the presence of the host. C. acutatum survival 
on inert material has also been demonstrated on clothing of fern field workers, where conidia 
survived for more than 4 weeks (19). 
While stimulation of secondary conidiation by flower extracts was clearly 
demonstrated, effects of leaf extracts were not as clear. Leaf extracts stimulated secondary 
conidiation when conidia were germinated in the extracts and when applied to C. acutatum 
populations on cover slips, but not when applied to populations already established on leaves. 
Furthermore, the increase in conidia caused by the leaf extracts was not as pronounced as 
with flowers. These results may be explained by differences in nutritional composition, and 
in the balance of inhibitory and stimulatory substances in the leaf and flower extracts (10,25). 
Germination of C graminicola, for example, was inhibited by substances present in sorghum 
leaf extracts (25). In our study, inhibitory effects of substances in the leaf extracts may have 
been counterbalanced by stimulatory substances, resulting in stimulation of secondary 
conidiation in some cases. 
Growth and infection efficacy of several fungi have been shown to depend on the 
nutritional environment in which inoculum is produced (2,3,24,31,32). For example, the 
capacity of C. acutatum to produce appressoria and secondary conidia on strawberry leaves 
was higher for inoculum produced in agar medium containing strawberry fruit than on agar 
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without host substances (3). Further work should therefore compare the viability of conidia 
produced in different plant extracts and water, and investigate the extract components that are 
stimulatory to C. acutatum. In this study, we focused on the effects of strawberry flower and 
leaf extracts to represent conditions that may occur preceding fruit development during the 
symptomless phase of strawberry anthracnose. Since fruit is the preferred plant organ for C. 
acutatum infection, potential stimulatory effects of fruit extracts on epiphytic behavior of this 
fungus should also be determined. 
The findings of this study enhance understanding of the epiphytic phase of C. 
acutatum on strawberry. Our work not only corroborates earlier studies indicating the 
capacity of this fungus to persist as an epiphyte (7,13,14), but also suggests that inoculum 
production on foliage may be greatly increased in the presence of flower extracts. Under field 
conditions, water-soluble extracts may be deposited onto leaves by rain splashing from 
flowers, or may be released from flower parts that fall onto leaves during and after flowering. 
It is therefore reasonable to assume that C. acutatum populations surviving on foliage may be 
stimulated to produce inoculum by flower extracts under natural conditions. We suggest that 
these new findings could be valuable when developing management strategies against 
strawberry anthracnose. For example, fungicide applications aimed at reducing inoculum 
levels on strawberry plants may prevent multiplication of C. acutatum during flowering, thus 
reducing inoculum available for fruit and flower infections and delaying or preventing 
subsequent disease development. 
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Figure 1. Colletotrichum acutatum conidia and appressoria on A, strawberry leaves and 
B, cover slips inoculated with 5x10s conidial suspensions in water, flower extracts 
(Fl:27, F 1:45 and Fl:81) or leaf extracts (Ll:27, Ll:45 and Ll:81), immediately after 
inoculation (0 h) or after 24 h incubation under continuous wetness at 25°C (24 h after 
inoculation). Flower and leaf extracts dilutions are represented by the ratio (w/v) of plant 
material to water. Bars containing the same letter are not significantly different at 
P — 0.05 according to Fisher's least significant difference test (n = 4). NS = no 
significant differences within the group. 
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Figure 2. Colletotrichum acutatum conidia on A, leaves and B, cover slips, inoculated 
with a conidial suspension, incubated for 72 h at 25°C under continuous wetness, and 
sprayed with water, flower extracts (Fl:27 and Fl:81) or leaf extracts (Ll:27 andLl:81) 
after 0 to 6 weeks exposure to dryness at 25°C. After treatment application, leaves and 
cover slips were incubated for 48 h under continuous wetness at 25°C. Flower and leaf 
extracts dilutions are represented by the ratio (w/v) of plant material to water. The 
continuous line represents conidial populations prior to treatment application and 
incubation. Bars containing the same letter at each time are not significantly different at 
P = 0.05 according to Fisher's least significant difference test (n = 4). NS = no significant 
differences within the group. 
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Figure 3. Colletotrichum acutatum appressoria on A, leaves and B, cover slips, inoculated 
with a conidial suspension, incubated for 72 h at 25°C under continuous wetness, and sprayed 
with water, flower extracts (Fl:27 and Fl:81) or leaf extracts (Ll:27 and Ll:81) after 0 to 6 
weeks exposure to dryness at 25°C. After treatment application, leaves and cover slips were 
incubated for 48 h under continuous wetness at 25°C. Flower and leaf extracts dilutions are 
represented by the ratio (w/v) of plant material to water. The continuous line represents 
appressorial populations prior to treatment application and incubation. Bars containing the 
same letter at each time are not significantly different at P = 0.05 according to Fisher's least 
significant difference test (n = 4). NS = no significant differences within the group. 
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CHAPTER 5. GENERAL CONCLUSIONS 
Colletotrichum acutatum is an important pathogen causing anthracnose on 
strawberry. Yield losses from this disease can be severe due to limited effectiveness of 
available control measures. Many questions about pathogen dissemination on transplants and 
fungal behavior on foliage during the symptomless phase of the disease need to be addressed 
before better disease management strategies can be developed. The objective of the research 
presented in this dissertation was to characterize the ecology and epidemiology of 
Colletotrichum acutatum on symptomless strawberry leaves under a range of environmental 
conditions and in the presence of strawberry plant extracts. 
The research conducted has provided valuable new insights about the role of 
symptomless foliage in the strawberry anthracnose disease cycle. A previously unrecognized 
form of multiplication of C. acutatum on strawberry foliage was revealed. This fungus was 
shown to produce secondary conidia on the leaf surface in the absence of symptom 
development or production of typical fruiting structures. As a result, conidial populations 
increased on the surface of symptomless leaves, suggesting the potential for inoculum 
production by C. acutatum on foliage. Secondary conidiation was shown to occur under a 
range of temperature and wetness regimes, and was stimulated by strawberry flower extracts. 
In addition, C. acutatum survival on symptomless foliage was demonstrated for up to six 
weeks. 
The results of this study suggest that symptomless strawberry foliage may be an 
important source of inoculum for strawberry anthracnose, particularly during flowering. 
Further work is needed to validate these findings, which were obtained from controlled 
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environment studies, under field conditions. For example, establishment of strawberry fields 
with transplants inoculated with C. acutatum may corroborate anecdotal evidence about 
pathogen dissemination on transplants. Studies clarifying the relationship between C. 
acutatum behavior on foliage and the development of fruit rot epidemics are also needed. 
Survival and spread on foliage could, for example, be monitored in newly established 
strawberry fields inoculated prior to the presence of flowers or fruits, and be correlated with 
fruit rot development later in the season. In addition, investigations on the stimulation of 
secondary conidiation by plant extracts, including fruit, may further characterize optimum 
conditions for inoculum production on foliage. 
The work presented in this dissertation has enhanced understanding of the 
symptomless phase of strawberry anthracnose. The new information about the potential role 
of symptomless foliage as a source of inoculum for strawberry anthracnose may be valuable 
to researchers, extension specialists, and growers interested in developing better management 
strategies for strawberry anthracnose. 
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